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PREFACE. 

This book is virtually a revised and extended edition of my 
earlier work, The Alternating -Current Circuit and Motor . 
But as the original matter has been most thoroughly over- 
hauled, and its scope enlarged to embrace Alternators and 
Transformers, the book has been given a new title. 

I have had throughout the most able and painstaking 
assistance of Mr Edward Hughes, B.Sc. Eng. (Lond.), of the 
Heriot-Watt College, Edinburgh ; and it is hoped that our 
combined efforts have resulted in providing a good and easy 
introduction to the subject. Should there be any serious 
“ kinks ” that we have failed to straighten out, I shall be 
both sorry and glad to hear about them. 

The scope and object of the book are explained in the 
Introduction on p. 1, so that little need be said here on 
these points. It may be mentioned, however, that the 
reader must have some elementary knowledge of the con- 
tinuous-current side of electrical engineering, such as is 
given — for instance — in Vol. I. of my Electric Lighting and 
Power Distribution (7th Ed.). 

The recent work of Dr C. V. Drysdale, considered in 
conjunction with the earlier work of Maxwell and Sir Oliver 
Lodge, seems to prove that mechanical analogies are by 
no means to be despised in approaching the subject of 
alternating currents. Consequently, the analogies of this 
description given in the first two editions of the Alternating- 
Current Circuit and Motor , which were founded on some 
introduced by Forbes, have been extended and improved 
in the present volume. 

As regards the numerous technical terms peculiar to the 
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subject, care baa been taken, as far as possible, to secure 
agreement with the recommendations of the International 
Electrotechnical Commission. 

Most of the matter in §§ 45, 49, 50, 52, and 112 to 114 
has been taken from my Electric Circuit Theory and 
Calculations , and in connection with this book the help of 
Mr W. H. Bray must be mentioned. 

The collections of City Guilds’ and A.M.I.E.E. Exam. 
Questions at the end of each Chapter will be found useful; 
though it has been impossible, of course, to cover thoroughly 
the very wide field which they embrace. The numerical 
answers given at the ends of all questions of this nature 
are entirely due to Mr Hughes. 

The final preparation for the blockmakers of nearly all 
the new diagrams has been the work of Mr Harold Bishop. 

A Key or Set of fully-worked Answers to all the 
numerical questions herein, and to kindred ones in the 
1915 Exams., will be published should any demand arise. 

With further reference to the earlier book on which 
the present volume is based, the assistance I received 
from Mr C, H, Yeaman (on the 1st Edition), and from 
Mr William Cramp and Mr Llew. B. Lester (on the 2nd 
Edition), is here once more acknowledged. 

W. PEBBEN MAYCOCK. 


Preface to Second Edition. 

A few corrections have been made, and three Appendices 
have been inserted at the end, at the kind suggestion of 
Mr E. Hughes. 

W. P. M. 

West Norwood, London, S.E.27, 

July, 1917. 
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CHAPTER L 

INTRODUCTION. 


CONCERNING THIS BOOK. 

Tais Book deala with the Elementary Theory of 
Alternating Currents of Electricity, with their Gener- 
ation and Application for Motive Power, and with 
Transformers and certain other Accessory Apparatus. 

As regards Lighting and Heating, except in the case 
of arc lamps, alternating currents are applied in much 
the same way as continuous currents ; so that practi- 
cally nothing is said about these applications herein. 

The treatment of the subject has been made as 
simple as possible, the book being written for elementary 
students, and for those numerous older readers to whom 
some knowledge of alternating currents is necessary, 
and who possess only the rudiments of mathematical 
knowledge. The Calculus has not been allowed to 
show its fearsome face within these pages, and the 
very little Trigonometry that has been used is briefly 
explained. 
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Good mathematical knowledge is an accomplish- 
ment worthy of great respect, and is of decided 
advantage to an engineer, provided he does not neglect 
other aspects of his work. But those who — through 
lack of tuition or sheer mental inability — are unable 
to rise to such heights, may comfort themselves with 
the reflection that there is plenty of room for distinction 
in other ways. It is easy to imagine numerous cases 
(a breakdown of plant for instance) where the highly- 
mathematical man would only be able to look on, while 
the practical man was righting things. Then there 
is the indispensable “ commercial engineer/' who often 
does not possess very special knowledge of either 
theory or practice, but whose duties would be quite 
beyond some theorists and practicians. 

Any reader who, on glancing through these pages, 
becomes at all overawed on seeing some of the formulae 
and vector diagrams therein, should understand that 
a little application will smooth out all difficulties with 
these things. It is certain that the subject could not 
have been treated satisfactorily in a more elementary 
way. 

Some knowledge of alternating currents is of course 
indispensable to nearly all electrical engineers, as 
well as to many other kinds of engineer: and the 
alternating - current side of electrical engineering 
becomes increasingly important every year. In short, 
most large schemes of electrical distribution and 
application are only practicable with this kind of 
current. Thus this volume really opeus the gate of 
the field of what might be termed “alternating- 
current engineering” : and the theoretical first portion 
of the hook, though it may not appear so attractive 
to some readers as the latter portion, deals with the 
foundations of the whole subject. 
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CONCERNING- ELECTRICAL ENGINEERING. 

I. PRELIMINARY. — Comparatively few people 
understand what is covered by the term Electrical 
Engineering , and it is both instructive and encouraging 
to get some slight idea of its scope and possibilities. 
Briefly, Electrical Engineering comprises the genera- 
tion, distribution, utilization, and control of electrical 
power for lighting, railways, tramways, the driving of 
machinery of every conceivable description, telegraphy, 
telephony, heating, chemical work, and various other 
purposes; together with the theoretical principles 
underlying these matters. In short, Electrical Engin- 
eering enters into all other branches of engineering, 
and into many other kinds of work : and most people 
derive benefit from it in their everyday life. 

The subject of Electrical Engineering is com* 
plicated: firstly, because there are so many main 
methods of arranging generating stations; secondly, 
because there are so many methods of distribution ; 
thirdly, because there are so many applications and 
bo many details underlying each and every appli- 
cation ; fourthly , because there are generally several 
ways of effecting any given application; and fifthly, 
because there are often many different makes and 
patterns of apparatus for the same purpose. 

The scope of Electrical Engineering is so universal 
that it is impossible for any individual electrical 
engineer to be even partially conversant with all its 
branches. Very few, in fact, could give a detailed 
list of the branches off-hand. Thus it is that electrical 
engineers could be divided into a number of different 
classes more or less distinct ; and thus it i6 that practi- 
cally every electrical student eventually has to choose 
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one or more branches in which to specialize. In very 
few cases is specialization unnecessary. Some lecturers 
or teachers, for instance, must have a superficial know- 
ledge of the more prominent branches of electrical 
work; and so also must certain classes of consulting 
engineers, manufacturers, and contractors, who wish to 
deal with varied kinds of such work. But it is 
essential for these general consulting, manufacturing, 
and contracting men to call in the help of specialists 
if any given work of importance is 'to be done really 
well. 

Another reason for the necessity for specialization 
is that the electrical engineer must be also something 
of a mechanical engineer; and according to the branch 
he takes up, must also know something of steam or 
water engineering, of physics, or of chemistry. In any 
case, good mathematical knowledge is useful, if not 
essential. 

Yet another reason for specializing is that hardly 
any branch of Electrical Engineering can yet be said 
to be stereotyped, many being still more or less in the 
development stage. The electrical engineer, in fact, 
always has something new to learn. 

In some branches of electrical work, specialization 
is carried to such a degree that — taking any one 
branch— some men invent or design, others rpanufac- 
ture, others install or lay-down the plant, and others 
manage or “run” the plant; plant meaning any 
collection or system of electrical machinery, appliances, 
and accessories for some given purpose or purposes, 

II. THE ELECTRICAL SYSTEM. — By electrical 
system is meant here any self-contained arrangement of 
“apparatus” for generating, distributing, and utilizing 
electrical energy. 

Every complete electrical system may be said 
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roughly to consist of three parts, as shown in Fig. 1, 
viz. : — 

(a.) The Generation portion, G } 

(6.) The Distribution ■ portions, C , 0 f G , and 
(c.) The Application portions, A, A, A. 

In other words, electrical power is generated at a 
generating station G; distributed by means of copper 
cables, G t G , 0; and applied or utilized in numerous 
buildings, works, streets, or other places, A, A, A, 


T 



If the continuous or direct current mainly dealt 
with in Yol. I.* were the only kind of electrical current, 
the study of electrical systems would be a comparatively 
simple matter ; but there are, in addition, three kinds of 
alternating current, viz., the single-phase, the two-phase, 
and the three-phase. The two-phase current, however, 
is comparatively little used. 

It is this availability of at least three different kinds 
of current , each of which has its special advantages , 

* Tho Author’* Electric Lighting and Pou-er Distribution , Vol. L 
Seventh Edition. 
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which enables electrical power to be employed for so 
many different purposes . Thus the single-phase current 
is suitable for numerous applications where the con- 
tinuous current would be useless ; and the three-phase 
current can cope with conditions tinder which neither 
the single-phase nor the continuous current would be a 
success. On the other hand, for some purposes, the 
continuous current is the only kind that can be 
utilized. 

The details of the electrical system, which is shown 
very roughly and diagrammatic ally in Fig. 1, differ 
according to the kind of current to be used. The 
generators vary, the arrangement of the copper distri- 
buting cables varies, and the methods of application 
vary — especially in the case of motive power. 

The generating and distributing systems for anyone 
kind of current also vary according to the area or 
distance over which the power is to be supplied, and 
according to the uses to which it is to be put: and 
when a generating station supplies two (or all three) 
kinds of current, the arrangements become somewhat 
complex, 

III THE ELECTRICAL SYSTEM (cont .).— Fut in s 
brief and simple manner, but in a more complete way 
than on p. 5, an electrical system (Fig. 1) consists 
of : — 

(a.) Steam-, water-, gas-, or oil-driven electric 
generators at the generating station G. 

(b.) Insulated copper cables G, C, G, leading the 
current from the generators to the various 
places where it is to be used. 

(c.) Lamps, electric motors, heaters, and various 
other apparatus or appliances, connected to 
the cables at the points of application 
.4, A, it. 
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If this were all, things would be fairly simple, even 
with three different kinds of current. But the electrical 
power has to be controlled , regulated , and transformed 
or converted] and the methods of control, regulation, 
and transformation or conversion constitute very im- 
portant and interesting portions of the subject. 

Finally, there is the all-important matter of insula- 
tion . . The paths of the current within the generator, in 
the cables which lead it to the lamps, motors, heaters, 
and so forth ; and (in most cases) the paths back again 
to the generator, must all he insulated; i.e., surrounded 
with something which will not allow electricity to flow 
through it. The greater the pressure at which the 
electricity is generated, distributed, and used, the better 
must be the insulation; and the kind of insulation 
to be employed in any given part of the circuit will 
also depend upon the conditions and surroundings of 
that part. 

The distribution of gas, water, air, or mechanical 
power is a much simpler matter than the distribution 
of electrical power. But the latter possesses the 
enormous advantages that it may be carried in far 
greater quantities and to far greater distances ; that 
bends, inclines, levels, atmospheric pressures, and tem- 
peratures make no difference; that the uses are so 
diverse; and that the methods of control are so much 
more elastic and convenient. The cost of electric light 
is now less than that of gas light; and its inherent 
advantages are so undeniably great that it would be 
waste of time to dwell on them. When electrical power 
from an outside source is available at a reasonable price; 
it may be accepted at once that the adaptability, con- 
venience, cleanliness, quietness, and compactness of the 
electric motor can never be approached by the steam-, 
gas-, or oil-engine. When there is no external 
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supply, it frequently pays to have a private electric- 
generating plant. 

The transmission of water, air, or mechanical power 
in any quantity, and over any distance worth mentioning, 
cannot be treated as serious propositions. But even if 
this were not so, and even assuming that there were 
efficient motors for converting the water or air power 
into mechanical power; the fact that these three forms 
of power are not directly convertible into light or 
heat, at once shows that they cannot be of general 
utility. 

IV. POWER, AND ITS CONVERSION AND TRANS 
MISSION.— In everyday life, the main uses of energy 
and power,* apart from that derived from air, food, and 
water for sustaining life, are in lighting, heating, and 
motive power: and it is with the supply of these three 
latter forms of power that electrical engineering has 
most to do. 

The present prime sources of industrial energy are 
coal, water, and oil ; and we will now see how ultimate 
forms of power are derived from them. 

If we have coal and inert water ( ie water with 
little or no pressure behind it), as at (a) in Fig. 2, we 
can generate steam and get electrical power therefrom 
by means of engines and electric generators. This 
electrical power may then be distributed in all direc- 
tions and over very great areas or distances; and— 
except for mechanical power, where an electric motor 
is necessary for the conversion — it may be directly 
applied to the numerous uses shown on the right. 
Thi9 list of uses, by-the-bye, could be detailed to a 
surprising extent. In this way, electrical power could 

* The student should remember the difference between power and 
energy. Energy ia the capacity for doing work; and power is the rate 
at which that work is done. 
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easily be generated at the pit's mouth, and distributed 
hundreds of miles to cities, towns, and villages. 

Otherwise, as at ( b ) in Fig. 2, the coal may be 
converted into gas, and gas-engines used to drive the 
electric generators. For working on a large scale, 
however, present types of gas-engine are not so 
satisfactory as stearn - engines (non - reciprocating or 
reciprocating). 

A dream of the future is that gas may be generated 
in huge volume within the pit itself, and that non- 
reciprocating gas-engines ({.«,, gas-turbines) may be 
evolved. Another and vaguer dream is that elec- 
trical power may some day be generated direct from 
coal. 

It is quite possible that, in course of time, after our 
coal supply has been exhausted, the sun’s energy, at 
present used in its stored-up form in coal, may be 
directly utilized. If such a thing ever happened, the 
extensive deserts of Africa might eventually become 
the industrial centres of the world ! 

If we have water power in the shape of a waterfall 
or swiftly-flowing river, the water power is converted 
into electrical power by means of water-1 urbine-driven 
generators ( (c) in Fig. 2). 

Another dream of the future is that the sea-tides 
may ultimately be harnessed to this work.* 

Electrical power may be derived from oil by means 
of oil-engines and generators ( ( d ) in Fig. 2). 


* It is not at all out of place to mention these imaginations here; 
for some electrical dreams have a way of materializing in due course, 
Many electrical applications of to-day were looked upon as impossible 
(even by *omo electrical engineers) when first mooted. The proper 
attitude of anelectrical engineer towards a reasonable idea or a “• dream,” 
is to think that there may be something in it. He should assume that 
very many wonderful things remain to be accomplished, and he should 
know that there are many workors quietly seeking to unrara! such 
problems 
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V. POWER, AND ITS CONVERSION AND TRANS- 
MISSION (< cont .). — If we leave electricity out of account, 
it is surprising how comparatively little can be done 
with coal, oil, or water. 

Take coal to start with, and compare the Applications 
in Fig, 3 with those in Fig. 2. 

The distribution of gas power through pipes can 
only be effected over very limited distances compared 
with those with which an electrical system can cope. 
And the direct employment of coal by individual users 



entails its distribution by water, rail, and road by 
very laborious and expensive methods ; and its con- 
sumption in a very inefficient majmer. The general 
applications of gas power are few compared with those 
of electricity ; and it is only in its heating application 
that it can be said seriously to rival electricity. The 
presence of gas lighting and gas-engines in places where 
electric power is available, may generally be taken as 
sure evidence of the apathy, stupidity, or ignorance of 
those in charge. Occasionally, of course, the expense 
of changing-over from one to the other stands in the 
way of progress. 

In populated districts there is but one serious use 
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for oil fuel, viz., for conversion into mechanical power. 
Only in isolated places, and when neither electricity or 
gas are available, do its uses for lighting and heating 
become valuable (Fig 4). But even here electricity 
is not to be ousted, for the best way of getting light 
from oil — if cleanliness, convenience, safety, and comfort 
are valued — is to interpose an oil-eDgine and an electric 
generator. 

If someone would only invent a secondary battery 
light enough for automobiles, small boats, and aero- 
planes; oil and the oil-engine would have a formidable 
rival to contend with in the accumulator and electric 



motor; and the current would also be available for 
safe lighting and heating. With large boats, and with 
railway locomotives for certain purposes, there are 
advantages in UBing an oil-engine to drive an electric 
generator, the current from which propels the boat 
(or loco.) through an electric motor. An interesting 
example of the former application is given at the end 
of this book. 

Water, as water simply, is one of the primary 
necessities of existence. As a source of power, however, 
it is negligible, except in great bulk and under great 
pressure for driving electric generators. The harnessing 
of the power of any ordinary small waterfall or stream 
is only worth serious consideration in isolated places 
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where neither electricity, gas, coal, or oil are available. 
Water motors for connecting to the mains are little 
more than expensive toys. Lastly, neither heat nor 
light can be directly derived from water (Fig. 5). 

Wind power is too intermittent in character to be 
of serious account, though a few very small installations 
exist in which windmills are used to drive dynamos 
and charge accumulators for electrical work. 

VI. ELECTRICAL APPLICATIONS. — A comparison 
of Fig 2 with Figs. 3 and 4 will show that the uses of 
electricity are immensely more important and varied 
than those of gas or oil. 

Probably very few readers of this volume have ever 
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Fig, 5. — Water Power and its UeeB. (Electricity exelnded.) 


been in a large electric generating station ; nor will 
many have any conception of the vast system of 
“ mains ” radiating therefrom. And although nearly 
all may be familiar with electric light, .electric trams, 
and electric railways ; few of them can have much 
knowledge of the numerous other applications of 
electricity, especially thbse relating to the multi- 
tudinous uses of “ stationary ” electric motors. These 
uses may be said to constitute about one-half of the 
third “ application ” in Fig. 2 ; yet they extend to every 
conceivable kind of machine, however large or small ; 
ranging, for example, from the “ winders” which draw 
up men or coal from the depths of a mine (Fig. 256), to 
a dentist’s drill. 

The foregoing should serve to impress the student 
with the importance of the subject of Electrical 
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Engineering; and this impression will go far towards 
carrying him enthusiastically through his work, some 
of the details of which may sometimes seem to have 
little connection with great matters. A piece of copper 
wire, a lump of iron, and a chunk of rubber would 
not convey much to the ordinary observer, but to the 
thinking electrical engineer they would symbolize a 
very great deal. 

VII. THE ELECTRICAL SYSTEM (cont.).— Reference 
was made in Sec. III. to the control, regulation, and 
transformation or conversion of electrical power; and 
we will now get some preliminary ideas about these 
matters, with the help of Fig. 6. 

A generating station always contains a number of 
generators, G t G, G ; these and the distributing mains 
or cables, 0, (7, 0, being interconnected at one or more 
switchboards S. The latter bear various apparatus for 
switching individual generators on or off, for enabling 
their currents to be indicated and their e.m.fs, 
regulated, and for permitting the same being done with 
the currents and pressures supplied to the various 
cables. There are also automatic devices for cutting 
off faulty generators or cables. 

In large stations, the main switches, etc., are generally 
situated above or below the “ operating platform,” and 
are actuated therefrom by mechanical or electro- 
mechanical means. Certain apparatus is also often 
installed for increasing the electrical pressure before it 
is delivered to the cables. At the points of application 
A, A, A (Fig. 6), there may be apparatus for reducing 
the pressure, or for converting or changing the character 
of the current, say from alternating to continuous. 

Most ordinary application - circuits are fed at 
pressures ranging from 100 to 500 volts. But some 
large alternating - current motors run directly off 
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voltages ranging as high as 6000 volt 9 . Continuous- 
current traction circuits, i.e. t for tramways or railways, 
are usually fed at from 500 to 600 volts. 

Power is proportional to the voltage x current, and 
the size of a cable depends mainly on the current it has 
to carry. Now as it is necessary to keep the weight, 
bulk, and cost of cables as low as possible, the current 
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Fig. 6.— The Electrical System. 


for a given amount of power must also be kept low ; 
and this can only be done by employing a high voltage. 

In most large supply systems it will be found that 
the generators deliver the current at a high pressure; 
that this pressure is often further increased before the 
supply is delivered to the cables or “lines”; and that 
at the other ends of the latter, the pressure has to be 
reduced to that necessary for applications. 

Fig. 7, for example, illustrates a case in which the 
electrical power is generated at 6000 volts, transformed 
up to 20,000 volts, transmitted at that pressure, and 
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transformed down 
again at the places of 
application to. say, 
2000 volt» for large 
motors, and to about 
200 volts for small 
motors and for light- 
ing, heating, and mis- 
cellaneous circuits. 

Inorderto simplify 
I the diagram no switch- 
& board has been shown ; 
t andonlyonegenerator, 
£ main transformer, and 
1 line. 

•I In this way, the 
£ voltage employed for 
~ transmission may be 
* made almost any de- 
| sirable value. In fact, 
^ there are systems in 

•jf America where the 
K , . . 

| transmission pressure 

^ is as high as 150,000 
% volts, and still higher 
pressures are contem- 
plated ! It is thus 
possible to transmit 
enormous electrical 
powers over hundreds 
of miles, through com- 
par&tively small 
'‘lines” and at com- 
paratively low coats. 

For working at 
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pressures such as those just mentioned, the alter- 
nating-current system is the only one that can be 
employed. The reasons for this are that continuous- 
current generators or motors cannot be worked at very 
high voltages, and that these voltages cannot be trans- 
formed up or down very easily or efficiently with con- 
tinuous-current apparatus. Nevertheless, if continuous 
current is absolutely essential at any application point 
or points, it may be obtained through the medium either 
of a rotary converter or of a motor ^generator ; which 
may be roughly described as combinations of an 
alternating-current motor and a continuous- current 
generator. 


The importance of alternating-current engineering 
having been demonstrated, let us now turn to the very 
beginnings and elements of the subject, as set forth in 
the following pages. 



CHAPTER II. 

GENERAL PRINCIPLES. 

1. THEORY OF ELECTRICITY.— To start with, it ^ 
necessary to adopt some theory of electricity. Now 
there have been many theories for electrical action, but 
it is still rather difficult to pick out any one and say 
that that is the right one. Nevertheless, the electronic 
theory , in which electricity is looked upon as a move- 
ment of electrified particles or electrons, is seemingly 
the most plausible, it would, however, be extremely 
difficult, if not impossible, to explain the phenomena 
with which we are about to deal, in the light of the 
electronic or any other advanced theory, in a book of 
this elementary character. Moreover, it should be re- 
membered that we are here concerned not so much with 
what is vaguely called “electricity," as with certain of 
its effects. Hence we must choose some simple practical 
theory , at the same time remembering that it is adopted 
to facilitate explanations, and keeping our minds ready 
for the reception of a better one at a future time. 

The “simple practical theory" advocated by the 
Author is that known as the surplus and deficit theory ; 
and it was first fully treated and extended by him in a 
series of articles in the now defunct Electrical Engineer , 
which articles were subsequently embodied in the 
Author’s First Book of Electricity and Magnetism * 

It must suffice here to indicate the mere outlines of 
ibis theory. All things, conductors and insulators 

* Fourth Edition. 
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alike, are supposed to be imbued with electricity 
normally distributed — i.e. at even pressure or potential. 
Electrification is the act of heaping up electricity on 
one body or bodies, leaving a corresponding deficit on 
another body or bodies. The former is or are then said 
to be positively electrified, and the latter negatively 
electrified. A battery, dynamo, alternator, or trans- 
former, is simply an electric pump, whose electro- 
motive (electro-pumping) force alters, or tends to alter, 
the even distribution of electricity in the circuit; so 
that these apparatus must be looked upon as generators 
of electromotive force, not of electricity. The current 
set up depends upon the “output capacity” of the 
apparatus. The term electromotive force will be con- 
stantly cropping up ; and it is generally abbreviated 
to JSM.F. or e.mf. 

In all cases where an uneven distribution of 
electricity exists, there will be a tendency for it to flow 
so as to regain a general level or distribution. When 
there is such a tendency, there is said to be a difference 
of pressure or potential, or a potential difference 
(abbreviated P.D. or p.d.). 

2. ALTERNATING CURRENT. — The simplest kind 
of current is that derived from a battery. This is a 
steady continuous or direct current, and its principal 
properties are presumed to be well known to the reader. 
A well-designed dynamo gives a current which is 
similar to that of a battery ; and the laws which apply 
to the current from a battery may be applied equally 
well to that from a dynamo. 

If a reversing switch R,* inserted in the circuit of 

* The construction and action of this form of reversing switch are 
as follows ; — Pivoted at p, and provided with a handle A, are mounted 
the U-ehaped piece of metal + +, and the straight piece — , to which 
the + and — poles of the "battery are respectively connected. When 
th« twitch-handle is in tho position shown, the metal tongues 7’7 V , con- 
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a battery or a dynamo, as shown in Fig. 8, be operated 
at regular intervals, alternating e.m.fs. will be impressed 
on the outer circuit 0, and an alternating current will 
be set up therein, as conveniently represented by the 
double-headed arrows 

Supposing the circuit C had no inductance (§ 9) or 
other disturbing effect, the current or rate of flow of 
electricity in it would always be the same, but would 



Fig. 8.— Battery and Reversing Switch for setting-up an 
Alternating Current. 

be reversed in direction at regular intervals, as shown 
by the “ curve ” in Fig. 10, 

The explanation of this curve is as follows: — Time 
is represented along the horizontal or base line (say, in 
one-second intervals), starting from the left. Current 
in one direction is represented by the short portions of 
horizontal line, ab, ef, etc., above the base line, and 
current in the other direction by similar short portions, 

nected with the extremities of the outer circuit 6’, rest on + +, and no 
current flows from the battery. If the switch-handle be moved to the 
right, the right-hand leg of the (J -piece remains in contact with JV, and 
the straight piece touches T, a current consequently flowing round (/in 
a counter-clockwise or left-handed direction. If the switch-handle he 
moved to the left, the left-hand leg of the U-piece is in contact with T, 
and the atraight piece with T, and a current flows round G in a clock- 
wise direction. Thus, if h be constantly moved to and fro, an alternating 
current will be set up in G. The movement of A is limited by the stop* 
i, f. The actual apparatus is shown in Fig. 9, 
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cd t gh , below it. The distances of these “current lines'’ 
above and below the base line correspond with the 
“strength" of the current, which in this case is sup- 
posed to be 10 amperes. 

It is usual to style currents in one direction 4- 
(positive), and those in the opposite direction - 
(negative); but these terms are confusing to the 
beginner, who would probably assume that a “ + 
current ” was dif- 
ferent in its pro- 
perties from a 

current.” We 
shall therefore 
refer to them as 
right- and left- 
hand currents re- 
spectively, these Fig. 9, — Reversing Switch. (Griffin,) 
terms well con- 
veying the idea that they flow in opposite directions 
round the circuit. 

Suppose at the time of commencing the curve, a 
“right-hand current” was flowing, and that its value 
was 10 amperes ; and suppose also that the direction was 
reversed every second. Our curve would then start at 
the point a, and would run in a horizontal direction for 
one second — ie,, from a to 6— when it would suddenly 
drop to c, the current having been reversed. The “left- 
hand current," c d, would continue for one second, as 
shown, and would then immediately change to the 
“right-hand current” tf. During the fourth second 
the current would be “ left-handed," g h, during the 
fifth second “ right-handed," ij, and so on. The current 
is therefore said to be alternating, since at one instant 
it is flowing in one direction, whilst at another instant 
it is flowing in the opposite direction. 
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It will be seen later that the current obtained 
from an alternator does not keep at a steady value 
and reverse instantaneously, like that depicted in 
Fig. 10. 

3. ALTERNATING CURRENT (cont .). — A steady con- 
tinuous or direct current ♦ may be likened to a steady 
flow of water in one direction through a pipe. An 
alternating current may then be compared with the 
movement of water in the pipe when the direction of 
flow is changed more or less rapidly. 
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Fig. 10.— Graph of the Alternating Current set up by the 
Apparatus in Fig. 8. 


Fig. 11 shows a pipe bent round bo as to form 
a complete circuit, which includes a pump P; the 
whole being filled with water. The water stands for 
electricity, the pipe for the conductor, and P for the 
dynamo or alternator — according to its method of 
working. P is supposed to be actuated by a pulley or 
handle. If P be rotated continuously in one direction, 
its action is analogous to that of a battery or dynamo, 
the water in the pipe (electricity in the conductor) 
being set flowing in one direction. If P be rotated first 
in one direction and then in the other, at regular and 
rapid intervals, it represents the action of an alternator, 

* The current from a battery or dynamo is called by some people — 
continuow* current, and by others — direct current. It has been decided 
bv Internationa) Authorities that the former is the better term to use. 
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for there will be a rapid to-and-fro flow of water in the 
pipe (electricity in the conductor), 

Now electricity — like water — may, for the purposes 
of this argument, be assumed to be incompressible; so 
that with a given flow 
(current), the number of 
gills of water or coulombs 
of electricity passing any 
point, a, in the pipe or 
circuit, is the same as the 
number passing any point, b, 

Thus, let the shaded part, G, 
represent one gill of water 
or one coulomb of electricity. 

When G moves in either 
direction, the water or elec- 
tricity in front and behind 
it, i.e. all round the circuit, 

moves at exactly the same rate, even wheD the size of the 
pipe or conductor varies at different parts of the circuit. 
In other words, the How of electricity, in coulombs per 
second (amperes), is the same at all parts of a closed 
series circuit.* When the circuit is not of this descrip- 
tion, i.e., when it has branches, the current may vary in 
different parts. 

The hydraulic analogy of an alternating-current 
circuit is often illustrated as in Fig. 1.2 ; the pulley, p } 
representing the rotating part of the alternator; the 
force of the pump piston, P , the electromotive force; 
and the up-and-down movement of the piston, the 
reversals in the direction of this force. Good as this 
analogy is in some respects, it is rather a faulty one, 
inasmuch as there is no actual passage of water through 
the pump ; and the student might from this infer that 

* ProTided it hag negligible capacity (§ 18, etc.). 
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there was no passage of electricity through the alter- 
nator. Bub we assume that the electricity flows 
through the alternator, or dynamo, or battery, just as 
it does through the other parts of the circuit. 

An alternating current might be described as a 
“continual 'oscillation ” of electricity in the circuit, just 
as the movement of the balance-wheel of a watch is 
a “ continual oscillation ” It must 
be borne in mind, however, that 
the use of the term “electrical 
oscillation” is more particularly 
applied to the movement of 
electricity when a condenser is 
discharged, this being a rapid 
to-and-fro movement in an in- 
complete circuit, which dies away 
to nothing (§ 15). This movement 

Fig. 12.— Hydraulic An a- [ 3 similar to that of the prong 
logy of an Alternating. . j> i 

Current Circuit. of a tuning-fork, or of one end 

of, a compass needle coming to 
rest in a strong magnetic field. The term “oscillation” 
should therefore be confined to the case of condensers, 
to prevent confusion. 

4. VARIATION OF THE E.M.F. INDUCED IN A COIL. 

—The e.m.f. of an alternator is continually altering in 
value, as well as in direction, i.e, t it is in the form of 
waves. The current set up by an alternator is con- 
sequently also wavy; that is to say, it does not 
suddenly change from the full value in one direction 
to the full value in the other direction like the current 
represented in Fig. 10, The shape of these e.m.f. and 
current waves depends upon a number of conditions, 
but chiefly on the distribution of the magnetic field 
in the air-gap of the alternator, and the amount of 
inductance and capacity in the circuit. 
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To show approximately what an -alternating current 
obtained from an alternator is like, one may draw a 
picture (in the form of a curve) of the changes which 
take place in the strength and direction of the im- 
pressed e.m.f. which sets up the current ; and this will 
enable us to see what is meant by the sine ,curve or 
sine wave , — terras frequently used in speaking of alter- 
nating e.rn.fs. and currents. 



When a simple coil of wire is rotated in a magnetic 
field, it has an alternating e.mi. induced in it. A 
simple 2-pole field and coil are shown in Fig. 13, the 
ends of the coil a bed being joined-up to collector rings 
r r, against which press the brushes B B', The coil 
and rings are supposed to be mounted on — but insu- 
lated from — the shaft s. 

Consider what happens to the top half, p, of the 
coil when the latter is evenly rotated on its shaft, s, in 
the direction shown by the curved arrow. Now p will, 
if viewed sideways from one of the pole faces, K or 
S, have an up-and-down motion; and its apparent 
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velocity will be variable during any one complete 
revolution of the coil ; but the changes that take place 
will be repeated over and over again at regular in- 
tervals. This will be more clearly understood from 
Figs. 14 and 15. Fig. 14 represents the circular path 
traversed by p when the coil is looked at from the 
front end, only one pole, N, being shown: and' as we 
suppose that the coil is being turned with uniform 



velocity, the actual rate of progress of p round its 
circular path will also be uniform. But if we look at 
p from one of the sides of the coil, it will appear to 
travel up and down in a straight line, e f (Fig. 15) j 
and its rate of motion in an actual up and down direc- 
tion will not be uniform. When p has travelled round 
10° from its topmost position, i.e. from p to p x (Fig, 14), 
its actual progress in a downward direction will be 
represented by the distance p p 1 in Fig. 15, which is 
relatively much less than the circumferential distance 
p p x in the first figure. Another 10° travel is from p l 
to p t (Fig. 14), from p 2 to j p 5 , from p d to p# And so on: 
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and aa these distances are traversed in equal times, 
the apparent velocity of p t as viewed in Fig. 15, will 
at first be very slow, but will gradually increase until 
it reaches the 90° position, p & . From p & to p 6 its 
apparent velocity will gradually decrease. The same 
thing will be observed when the coil is making its 
second half-turn, i.e. t when p is travelling from p 6 back 
again to its topmost position. 

Now, the e.m.f. induced at p , or rather in the side 
a b of the coil (Fig. 13), depends upon the rate at which 
it cuts the horizontal magnetic lines between N and S: 
and supposing this magnetic field to be uniform, the 
e.m.f. will depend upon the rate of motion of a b in an 
actual up or down direction, as viewed in Fig. 15. It 
follows therefore that the e.m.f. in p (Fig. 13) will vary 
just as the rate of its travel along the assumed path 
e f (Fig. 15) varies. It will change from zero to a 
maximum during the first quarter-turn of the coy, 
from maximum to zero during the second quarter-turn, 
from zero to maximum — in the reverse direction — 
during the third quarter-turn, and from maximum to 
zero during the last q uar ter- turn : by which time it 
will have made one complete revolution. 

The other half, c d , of the coil (Fig. 13) will be 
acted upon in a precisely similar manner. 

Motion of the kind described in connection with 
Fig. 15 is called harmonic , and obeys a simple law 
called the sine law. This can be explained by the aid 
of Figs. 16 and 17, which are closely related to the two 
preceding figures. 

Looking at the coil from the collector or front end 
(Fig. 13), the path described by the point p will be a 
circle, having its centre at 0 (Fig. 16); po being its 
zero or starting position, and 1, 2, 3, 4, 5, etc., successive 
points on its journey during one revolution of the coil. 
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5. GRAPHICAL REPRESENTATION OP AN ALTER- 
NATING E M.F. — Lei us now see how the sine curve, or 



curve of e.m.f., is 
plotted. The pro- 
cedure is a little 
difficult to follow at 
first, but the reader 
must persevere, since 
the matter is of 
^ fundamental import- 
^ ance. If it is not 
£ quite clear after the 
first two or three 
repeated readings, it 
® should be returned 
£ to later. 

^ Draw a horizontal 

K line in the same 
straight line as the 
“ horizontal diameter 
S of the circle in Fig. 
E 16, and call it the 
g time base (Fig. 17). 
1. Since the point p 
2 moves with uniform 
g velocity round its 
circular path, dis- 
tances measured 
along the time base 
may be taken to re- 
present either “ time 
from the beginning 
of measurement,” 


or “distance moved by p round its circular path." p 
is connected to its “centre of travel” 0, by the radius 
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R of the circle in which it moves; and this is 
clearly the greatest height to which it can rise, as in 
position 0 4 (Fig. 16). We therefore take this height 
as the maximum height for our sine curve (Fig. 17), 
which represents the rise, fall, and reversal of e.m.f. 
The radius R will make with the horizontal diameter 
of the circle, an angle which will have zero value when 
p is in the position p 0 , and will increase as p travels 
round the circle, until, at position 4, the radius is 90° 
from its original position. To draw the e.m.f. curve, 
we must first take a length along the time base, and 
call it 360° ; this being conveniently made equal to half 
the length of the circumference of the circle in which p 
moves.f This length is then divided into a number of 
equal parts corresponding with the number of points 
considered round the circular path in Fig. 16. Thus 
we get a straight line with divisions proportional to 
the distances moved by p along its circular path, or, 
what is the same thing, proportional to the angles 
made by the radius with its first position in its revolu- 
tion round the centre 0* These divisions, as before 
pointed out, may also be taken to represent time, since 
p (Fig. 16) is supposed to be Totaling at a uniform 
rate. 

To draw the sine curve or wave (Fig, 17), we proceed 
as follows. Suppose p has reached the point 1, we take a 
distance along the time base equal to half f the circuin- 

* If p has moved from its zero position to position 2 (Fig. 16), the 
radius will hare travelled round 46°. When p reaches the position 4, the 
radius will have travelled or hove described an angle of 90**. When p 
has made one half-turn, ».e., when it has reached .the position 8, the 
radius may bs said to have travelled 180* from its zero position. When 
p has made one complete revolution, we 6ay that its radius has travelled 
round or described an angle of 360°, 

I Distances along the time base are made proportional to circum- 
ferential distances, and may therefore be drawn to any desired scale. 
In the present case they are made equal to half' the circumferential 
distances which they represent, this being the usual scale adopted. 
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ferential distance, 0 1 , and at that point erect a perpendi- 
cular; where this cuts a horizontal line drawn through 
point 1 on the circle, we get one point on the curve. In 
the same way, for position 2, we take half the distance 
along the circumference 0 2, and mark this off on the 
time base, then erect a perpendicular, and where the 
latter cuts a horizontal line drawn through 2 on the 
circle we get the second point on our curve. This 
operation being repeated for different positions of p 
round its circular path (3, 4, 5, 6, etc.), a series of points 
is obtained, which, when connected, are found to lie on 
a wavy line called the sine curve. 

The form of this curve depends on the relationship 
that the distance, H , of each position of p above (or 
below) the horizontal line bears to the radius, R. And 
the greater II is, that is, the greater the distance of p 
above or below the base line, the more effectively is it 
cutting the magnetic lines of the field, and the greater 
is the e.m.f. generated. H is a maximum at the positions 
4 and 12, and these are consequently the maximum or 
“ crest ” or “ peak ” points on the curve. The connection 
between H and R is as follows: — 

II =11 sin A, 

where A is the angle which the radius, R , makes 
with the horizontal line, in the particular position 
taken. 

The sine of the angle A (Fig. 18) (written sin A or 
sine A) is the number obtained by dividing the length 
of the perpendicular or height H by the length of the 
hypotenuse (side opposite the right angle) or third side 
R, in this case the radius of the circle, — i.e., 
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This ratio is dependent on the angle itself, not on the 
individual length of either of its sides.* 

The foregoing means, shortly, 
that the e.m.f. generated at any 
position of the point p (Figs. 13 
and 16) is not directly proportional 
to the angle which the radius R 
(joining p to 0 ) makes with the 
horizontal, but to the sine of that 
angle . And as R is a constant, 
the e.m.f. is directly proportional Figis..— Sine of an Angle, 
to the values of H, i.e. 



e.m.f. « sin angle in Fig. 16. t 

Thus the various values of H, i.e. of the e.m.f., are 
indicated by the vertical dotted lines in Fig. 17. 

6. VARIATION IN THE SHAPE OF ACTUAL E.M.F. 
WAVES. — The curve obtained in Fig. 17 shows the 
variation in the e.m.f. of a simple alternator, such as 
that illustrated in Fig. 13, during one revolution of its 
coil abed. The e.m.f. is at zero when the plane 


• Let A B C (Fig. 19) be any angle a, of which the Bine value ia 
required. Take any point D, in either Bide, say in A B, and drop there- 
from a perpendicular D £, to the other side li C , cutting it at E. Then 
B D E will he a right-angled triangle, of which B D is the hypotenuse, 

and D E the perpendicular. Now, in such, the ratio ?L ^ en ^ lcu ( 3. r ) 

hypotenu te 

[) F 

represents the sine value of the angle «. If the angle remain the 

same (in the present case it is 30®), no 
matter how long the aides B D or B E 
may be, or from which point or side 
the perpendicular IB dropped, the ratio 
p'rpndMar k0 , he 

same. 

hypotenuse 

In the present case, for instance, it te 
i.e., sin 30®= ‘5. Sine values may b* 
Fig. 19. — Sine of an Angle, obtained directly from the Table on 
page 271. 

1 The sign OC means ia proportional to. 
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of the coil abed is at right angles with the lines 
of force of the field, and gradually rises, reaching a 
maximum when the plane of the coil is parallel with the 
direction of the field. The field in this case is assumed 
to be uniform; if it is not so, the simple sine law no 
longer holds good, and the e.m.f. curve will be more or 
less altered in form. 

In practical alternators, owing to the non-uniformity 
of the fields, and the various shapes of coils used, the 
form of the e.m.f. curve may vary considerably from 
that of the true sine curve. The design of alternators, 
however, has been brought to such a pitch of perfection, 
that they may be made to give a true sine wave of e.m.f., 
or one which differs in shape therefrom, according to the 
ideas of the designer. The fact of thus being able to 
obtain variously-shaped waves of e.m.f. within certain 
limits, is of importance; and one question which 
naturally arises is : — What is the most efficient form of 
wave for a given circuit ? This is a matter, however, 
beyond the scope of this book, but it may be stated that 
at the present day, general opinion is in favour of the 
simple sine- wave form (§ 24). 

The actual drawing of a sine curve by the student in 
the manner described in § 5, will impress on him the 
approximate character of the e.m.f. variation in an 
alternating- current circuit. But it is seldom necessary, 
or possible, to draw such a curve in practice ; since the 
predetermination of the interaction of the numerous 
coils and fields in an alternator in this manner, would be 
an exceedingly laborious task. 

Photographs of alternating e.m.f. and current waves 
can be obtained by means of an oscillograph , which is a 
species of mirror galvanometer that is able to respond 
with exceeding quickness and exactness to the varia- 
tions in the values of either e.m.fs. or currents. The 
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oscillations of the moving part of the apparatus are 
registered on a moving photographic film. The oscillo- 
graph, the best form of which is due to Mr Duddell, 
cannot be described here ; but some photographs ( oscillo- 
grams ) of pressure and current curves are given in Figs. 
41, 42, and 62. 

7. FREQUENCY.— It will be evident, from Figs. 16 
and 17, that during the first half-turn of the coil in Fig. 
13, the induced e.m.f. increases from zero to a maximum, 
and afterwards decreases to zero ; whilst during the 
second half-turn, the e.m.f. again rises and falls, but this 
time in the reverse direction. Hence, if the coil be 
connected up with an outer circuit, as seen in Fig. 13, 
in one revolution the induced e.m.f. (and the current due 
tn it) will make two half waves or half cycles, i.e. one 
complete wave or complete cycle. 

In Fig. 17, the portion of the curve from 0 to 180 is a 
half cycle, and the portion from 0 to 360 a whole cycle. 

The time taken for one complete cycle is known 
as the period of the alternating e.tn.f. and current 
The number of complete cycles per second, which is 
termed the frequency (or sometimes periodicity) and is 
denoted by the symbol /, will depend upon the number 
of revolutions which the coil makes in that time. Thus, 
supposing it revolves 600 times in one minute, the fre- 
quency of the e.m.f. (and of the current set up) will be 
10 cycles per second, or — briefly — 10 ; while the period 
will be ^th of a second. 

Frequency is also denoted by the symbol ; but it 
is more convenient— especially in formulae — to use/. 

The frequency of alternating currents, as used for 
ordinary work in this country, varies from 25 to about 
100 cycles per second. Elsewhere, there are systems 
working at 15 cycles \ this low frequency being specially 
suitable for power transmission and railway work on a 
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large scale. For special purposes, such as wireless 
telegraphy, e.m.fs. of very much higher frequency than 
100 are employed. 

8. FREQUENCY OF ALTERNATORS. — It has just 
been shown that, in the case of a simple coil rotating in 
a 2-pole field, the frequency is equal to the number 
of revolutions per second. Practical alternators are, 
with few exceptions, constructed with multipolar field- 
magnets, as well as a number of coils: but the frequency 
may be got by simply multiplying together the revolu- 
tions per second and the number of pairs of poles. 

Thus calling the frequency /, the number of revolu- 
tions per minute R, and the number of pairs of poles p— 

(i) 

J 60’ 

R being divided by GO to reduce it to revolutions per 
second. 

Example . — An alternator has 12 pairs of poles (N 
and S), and runs at 300 revolutions per minute. In one 
revolution, each coil will pass through 24 fields, half of 
which are N and half S ; and therefore there will be 12 
complete reversals or waves of e.m.f. in each re- 

volution. Consequently, the resulting frequency will 
be : — 

'12? x 12= 5x12 =60. 

oO 

Other examples of the use of this formula are given 
m § 91 and later. 

9. SELF AND MUTUAL INDUCTION. INDUCTANCE. 

— In Fig. 10 it was shown that when a voltage is applied 
to a non-inductive circuit, the current reaches its 
maximum value immediately, and continues at that value 
while the voltage and the resistance are kept constant. 

Now consider a series circuit (Fig. 20), comprising an 
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electro-magnet or choking coil C (§ 69) with a large 
number of turns in its windings, an ammeter A, switch 
S, battery B> and a voltmeter V shunted across the 
switch. The voltmeter should be of the moving-coil 
type, since such indicates both the magnitude and the 
direction of the voltage. 

Let the values of the voltage and the current be 
represented as distances above the time base in Fig. 21 , 
the voltage curve (abcegh) being dotted, and the current 
curve (c dfk) shown in full line. The normal voltage 
or p.d. at the switch terminals when the latter is open is 
represented by o a , this p.d. being the same as that of 
the battery. The voltmeter will indicate this value 
when the switch is off. 

Suppose, to start with, that S is open, and that after 
the lapse of a second or so (o-c) the switch is closed; the 
reading on the voltmeter (c 6 ) will suddenly drop to 
zero, and will remain at that value while the switch is 
closed. The current, ignoring the infinitesimal one 
passing through the high-resistance voltmeter, may be 
assumed to be at zero while the switch is open (o c), and 
to start at the moment (c) that the switch is closed. 
The current, however, does not reach its maximum 
value instantly, but increases gradually, as shown by 
the full line starting from c. It finally attains a 
steady value at point d , and remains at that value as 
long ( d-f) as the circuit conditions are unaltered. The 
ammeter A in Fig. 20 will show the growth of the 
current and the steady value arrived at. 

The explanation of the above is as follows : When 
a continuous current begins to flow along a conductor, 
it sets up a magnetic field around it, t.e., there is an 
increase (from nothing in this case) in the number of 
lines of force surrounding the conductor, especially in 
that part of it which is wound on the iron core. 
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Now, according to the laws dealing with electro- 
magnetic induction * whenever the current in a circuit 
is varied, there is also a change in the number of lines 
of force passing through or interlinked with that 
circuit ; and this change induces an e.m.f., the magni- 
tude of which depends upon the rate at which the lines 
of fonce are changed. Further, the direction of this 
induced e.m.f, is always such as to tend to prevent any 



Fig. 20.— Inductance in a Continuous-Current Circuit, 


alteration in the value of the current. This means 
that when the current increases from c to d in Fig. 21, 
an e.m.f. will be induced in the coil G (Fig, 20) in the 
opposite direction to that in which the current is 
flowing, and so prevents the current immediately reach- 
ing its maximum value. This effect will be shown by 
the ammeter. Between d and /, the current is constant, 
and so also must be the number of magnetic lines 
linked with the circuit : consequently, there will then 
be no mduced in the coil. 

Next, let us suppose that, at the instant e (Fig. 21) 
the switch S (Fig. 20) is opened. The current will 
then decrease very rapidly, and the magnetic field about 
C will collapse. This will be equivalent to a very rapid 
change in the number of magnetic lines in the circuit, 

* See the Author ’b Electric Lighting and Power Distribution, Vol. 
I., Seyonth Edition. 
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and a very high e.m.f. will consequently be induced in 
C t as indicated by e g on the voltage curve. This e.m.f. 
will be in the same direction as that of the battery, and 
so will tend to maintain the current : and it will cause 
a small arc or spark to be formed at the separating con- 
tacts of the switch while the latter is being opened. 
But the arc is extinguished when the current becomes 
zero, i.e., when the circuit is quite broken, as at k ; and 

9\ 
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n 

/i 
i \ 

1 1 
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Fig. 21. — Variation of Voltage and Current in an Inductive Circuit, 


the voltage then falls to its original or open-circuit 
value, as at h. The momentary high voltage ( e g) 
will be indicated on the voltmeter (Fig. 20) by a sudden 
“kick ” of its needle towards the high part of its scale. 

Circuits which give rise to the above phenomena, 
namely, of always tending to prevent any increase or 
decrease in the value of the current, are said to possess 
self induction , or to be inductive. As will be seen 
later, the self-induction of any given circuit is not neces- 
sarily a fixed quantity. 

The value or magnitude of the self-induction 
observed when the current varies at the rate of one 
ampere per second, is known as the co-efficient of self 
induction , or as the inductance : and it is expressed 
as so many henries (§ 28). The relation between these 
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terms — (self-induction and co-efficient of self-induction 
or inductance) — may be more clearly understood by 
considering the case of the increase of volume of 
metals under the application of heat. This pheno- 
menon is known as expansion , just as self-induction 
is the name given to the phenomena observed in the 
experiment just described. In order to compare the 
increase of volume of different materials under similar 
conditions, the term co-efficient of cubical expansion is 
used, this being the increase of volume of 1 c.c. when 
the temperature is increased 1* C. Likewise, the terms 
co-efficient of self -induction or inductance are introduced 
to compare the self-induction of different circuits under 
similar conditions, viz., when the current is varied at 
the rate of one ampere per second. The term “ induct- 
auce,” on account of its brevity, is adopted throughout 
this book, and is more fully dealt with in § 28. 

It is on accouut of ‘the sudden increase in the voltage 
(noted overleaf) when opening an electromagnetic circuit, 
that it is dangerous suddenly to open the shunt circuit 
of a continuous-current machine. The extra voltage 
so induced, which may be several times the normal 
voltage, might be sufficient to break down the insulation 
on the field coils. 

If we start with a given length of current-carrying 
circuit conductor, and if that conductor be stretched 
out straight, its whole length will be surrounded by 
circular concentric lines of force, whose number (per 
given length of conductor) will depend on the strength 
of the current. If several yards of this conductor be 
then coiled up into a solenoid, the lines of force in that 
portion will act together as if most of them passed 
right through the solenoid. If an iron core be in- 
troduced, the number of lines of force is greatly increased, 
the paths of the lines being roughly as shown in Fig. 22. 
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§ ®*] 

In this figure practically all the lines set up link 
through all the turns of the coil; consequently, any 
variation in the current gives a large variation in the 
number of lines through each turn, and a correspondingly 
large e.m.f. is induced in each turn. And as all these 
e.in.fs. are in series, the total e.m.f. induced is considerable, 
as has been seen. 

In short, the self-induction of a given length of 
circuit wound on an iron core and carrying a given 



Fig. 22 — Distribution of the Lines of Foreo of an Electromagnet. 

Current, is tremendously greater than it would be were 
that part of the circuit stretched out straight. 

Mutual induction is produced when the lines of 
force due to a current flowing in one circuit cut a 
neighbouring circuit. Thus, suppose two coils C and 
K are placed close together in line as shown in Fig. 23; 
and that C is connected-up to a battery, key, and 
galvanometer (?', while K isjoined-up to another galvano- 
meter G. The two galvanometers must be out of reach 
of the direct magnetic influence of the coils. 

When the key is depressed, lines of force due to the 
current in 0 cut K, and induce a momentary reverse 
current therein, as will be allow n by G. On opening 
the battery circuit, the lines of force due to C collapse, 
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ie. } there is another change in the number of lines of 
force passing through K ; consequently, an e.m.f.will be 
induced in the latter, but in the reverse direction to 
that induced on depressing the key ; and this e.m.f. will 
be indicated by the deflection of G being in the opposite 
direction. 

If the battery and the key were inserted in series 
with K and 6 s , instead of as shown in Fig. 23, the 
setting-up and the stopping of the current through K 
would cause momentary currents in G\ and these 
currents would be indicated by G\ 



Fig. 23. — Circuits possessing Mutual Induction. 


The two circuits C and K , therefore, possess mutual in- 
duction ; that is, a current through either induces an e.m.f. 
in the other The value of the mutual induction between 
two cone is expressed as the co-efficient of mutual 
induction of the coils, and can be denoted in henries. 

Although the action of transformers (Chap, V.) and 
of induction motors (Chap. VI.) depend upon mutual 
induction, it will not be necessary in this book to men- 
tion either the term or its co-efficient when dealing with 
these apparatus. 

10. INDUCTANCE IN A CIRCUIT.— From what was 
said in the preceding section, it should be clear that it 
is impossible suddenly to start a current at its full 
value in an inductive circuit, and equally impossible 
to stop it suddenly. Because of the effects of induct- 
ance, the current takes time to grow and time to 
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die away. It is thus even more out of the question 
suddenly, to reverse a current in such a circuit. 

Although it is possible to arrange a simple circuit 
or to wind a coil so that it shall have little or no 
inductance, (as shown in Fig. 24, where each half of 
the circuit or coil neutralizes the other’s magnetic 
effect), the conductor may have appreciable capacity ;* 
and if so, this will also exercise a disturbing effect on 
the current. Moreover, a coil such as that shown in 
Fig. 24 would be useless 
for solenoids or electro- 
magnets, as it would have 
no magnetic field. 

It therefore follows that 
every working circuit con- 
taining motors, arc lamps, Fig. 24.— Non-Inductive Winding, 
and other electromagnetic 

apparatus exercises more or less disturbing effect; and 
also that, in the case of an alternating current, thi 3 
disturbing effect is continuous, and is the greater the 
higher the frequency. 

11. INDUCTANCE IN AN ALTERNATING-CURRENT 
CIRCUIT. — The effect of inductance in an alternating- 
current circuit is to cut down the current. The follow- 
ing experiment conclusively proves this. 

The circuit L S B (Fig. 25) is fed at a virtual f 
alternating pressure of, say, 200 volts, from the mains 
M. B is a laminated iron core, built up of thin wires ; 
and on this are coiled several turns of thick copper 
wire of negligible resistance, which may be short* 
circuited by the switch S. B obviously possesses con- 



• See the Author's First Book of Electricity and Magnetism, Fourth 
Edition; or his Electric Lighting and Power Distribution, Vol, L, 
Seventh Edition 
t See § 23. 
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siderable inductance, whereas the rest of the circuit 
has very little. The light given by L depends upon 
the strength of the current passing through it, and is 
a convenient indicator of it. A carbon-filament lamp is 
more satisfactory than a metal-filament one for this 
experiment, because it is more susceptible to changes in 
the current strength, 

Suppose that the lamp is fully lighted when S is 
closed so as to cut out B ; then when B is put in circuit 
by opening the switch S, the lamp will burn dimly, or 
perhaps show no light at all, proving that the effect of 


B 


Fig. 25. — Experiment on Effect of Inductance. 

inductance is to reduce the current permanently. This 
effect is the same as if a back e.m.f. had been introduced 
into the circuit, which, in fact, is the case, the back or 
counteracting e.m.f. being that due to the inductance 
of B. B is then acting as a choking coil (§ G9). 

If a continuous current be used, the insertion or 
cutting out of B will make no appreciable difference, 
as its resistance is small : except, perhaps, a faint flicker 
of the lamp at the moment of closing or opening S ; 
but this would be hardly noticeable. 

Now suppose the circuit in Fig. 25 is once more fed 
with alternating current, and that the switch S is left 
open. If the iron core of B be gradually pulled out, 
the lamp L will at the same time gradually increase 
in brightness. When the core of B has been quite 
withdrawn however, L will still not burn quite aa 
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brightly as when S is closed, showing that the solenoid 
without its core possesses some inductance. If the 
core be now gradually replaced, the lamp will be 
gradually “ dimmed ” once more. 

The last two experiments show that a hollow 
solenoid has some inductance, and that the latter is 
increased by putting more and more iron inside it. 

12. ALTERNATING-CURRENT WIRES OR CABLES 
IN METAL CONDUITS. — In alternating-current work 
care must be taken not to run single conductors (or 



Fig. 2G, — Two-Core Concentric Fig. 27. — Two-Core Cable 
Cable for Pressures up to for Pressures up to 

2200 rolls, (Helsby Cables , ) 600 volts. '{Henley’s,) 


conductors connected with one pole of the system only) 
through a metal pipe or tube for any distance. The 
effect, of so doing, if the pipe were of iron or steel, 
would be to increase the inductance of the circuit and 
set up eddy currents in the pipe ; and this inductance 
would naturally result in a considerable drop of pressure. 
In other words, the conductor (or conductors) and the 
pipe would act like a sort of elongated choking coil 
(§ 69). If the tube were of non-magnetic metal, there 
would be very little inductance, but eddy currents 
would still be induced in the conduit, tending to heat 
it and waste energy. (§ 74.) 

With a “two-core'’ cable, that is to say, a cable 
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containing two conductors, disposed concentrically or 
otherwise (Figs. 26 and 27), and when these con- 
ductors carry a current to and from a certain point, 
there can be only a small inductive or eddy-current 
action, as the field of the current in one conductor 
practically neutralizes the field of the current in the 
other conductor. Such effects are also very small 
when a three-core cable (Fig. 28) carries a three-phase 



Fig. 28. — Three-Core Fig. 28a. — Three-Core Fig.28B. — Four-Core Cable 
Cable for Pressures up High-Tension Cable for for Four- Wire Three- 

to 660 volte. (Henley's.) Pressures np to 20,000 Phase System and for 

volts, (Hti&hy Cables.) Pressures up to 660 
volts. (Henley’s.) 

current; for, as shown in § 47, the algebraic sum of 
the currents, and therefore of their magnetic fields, at 
every instant is zero. A three-core concentric cable 
(which resembles Fig. 26 except that it has a third 
conductor) is practically never used in alternating- 
current work, as the disposition of the conductors pre- 
vents the currents in them from entirely neutralizing 
each other's inductive effects, 

13. CAPACITY IN ALTERNATING-CURRENT CIR- 
CUITS. — One very important difference between 
the action of continuous and alternating currents is 
shown by the experiments illustrated in Figs. 29 and 
30. Here two circuits are depicted, each containing a 
source of e.m.f., a glow lamp L f and two condensers 
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G, G ; but in the first the e.m.f. is due to a dynamo D, 
and in the second to an alternator A. 

In Fig. 29 it is clear that no current can fiow 
through the lamp, even if one of the condensers be 
removed, for each of them interposes a break in the 
continuity of the circuit. 

In Fig. 30, on the other .hand, if the condensers are 
suitable in capacity, the lamp L will light up. At first 
sight this result may seem most inexplicable; but when 
we consider the action of the condenser* and the fact 
that the alterna- 

tor is keeping y L C 

up a constant 
surging of elec- 
tricity back- 
wards and for- 
wards between 
the plates a and 
b, it becomes 
evident that 
there must also be a corresponding alternating flow of 
electricity in the lamp circuit, between the plates c and 
d. The results would be precisely the same if one 
condenser only were employed in each experiment; but 
the use of two makes the effect in the latter case (Fig. 
30) all the more remarkable. 

It will be noticed that in the experiments just 
described, the capacity is in series with the circuit, i.e., 
there is no complete conducting path. This state of 
things effectually prevents the flow of a continuous 
current, but does not stop the u action *’ of an alter- 
nating one. 

A fuller explanation of the second experiment (Fig. 

* Sec the Author’s Firtt Book of Electricity and Magnetism, Fourth 
Edition. 



Fig. 29.* 


-Continuous-Current Circuit with 
Condensers. 
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30) is as follows. Before the alternator is working, 
the whole circuit may be assumed to be filled with 
electricity evenly distributed, and at zero potential or 
pressure. Now suppose the alternator to work. During 
the first half cycle, t.e,, while its e.m.f. is in one direction 
(§ V), it pumps electricity through itself from a to b t 
causing a p.d. between a and b about equal to its own 
e.m.f. : b is consequently + ly. electrified and a — ly. 
electrified, as indicated by the signs + and — . Influ- 
ence (electro- 
static induction) 
now takes place 
across the con- 
denser dielec- 
trics, causing a 
rush of elec- 
tricity through 
the lamp from 

Fig. 30. — Altem at mg -Current Circuit with * 

Condensers, right to left, SO 

that c is + and 

d — . During the second half cycle, that is when the 
reversal of the alternator e.m.f. occurs, electricity is 
pumped from b to a through the alternator, so that a 
becomes + and b - . A rush consequently takes place at 
the same time from c to d, c becoming — and d + ; and 
so on. Thus the alternating flow of electricity in the 
alternator circuit causes a corresponding alternating 
flow in the lamp circuit. 

It has been stated that the same results would have 
been obtained w ith one condenser only in circuit. This 
will be understood from what follows. In Fig. 31, A is 
an alternator, with two wives joined to its terminals; 
one of the wires being severed, and a lamp, L , inserted. 
The ends of the wires approach very closely, as at a 
and b, but are not in contact, a sheet of glass or other 
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dielectric, d , being interposed to prevent sparking 
across. The alternator circuit is consequently not 
metallically complete. Now the ends of the wires ce 
and b f and the dielectric c£, virtually form a condenser 
of extremely small capacity ; and the alternator pumps 
electricity backwards and forwards, between a and b. 
But in this case very little electricity passes at each 
reversal of the e.m.f., owing to the small capacity of the 
ends of the cir- 
cuit ; and an 
ordinary lamp 
will conse- 
quently show no 
indication of a 
current. The 
wires are sup- 
posed to be sus- 
pended in mid 31 *~ A]tcrnatin e-Current Circuit ^ith 

Condensers. 

air, and not run- 
ning side by side or near other bodies, as we wish to 
consider the circuit as only having appreciable capacity 
at its ends. 

When the alternator is pumping in one direction, 
say from a to b, a quantity of electricity will pass 
sufficient to make the p.d. between a and b equal to 
the e.m.f. of the alternator; or, in other words, the con- 
denser a b will be charged to the potential of the 
alternator. Now, the smaller the . capacity of a con- 
denser, the less is the displacement of electricity 
necessary to raise the p.d. between its coatings to a 
given amount. In the present case, because of the 
extremely small capacity of the ends of the circuit, 
only a very minute quantity of electricity will pass 
from a to b. When the alternator reverses its e.m.f., 
another small quantity of electricity will be pumped 
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from b to a. Thus every cycle of the e.m.f. will set up 
a to-and-fro current. 

By putting metal plates on each side of the dielectric, 
d t as shown by the dotted lines p, p, the capacity of the 
adjacent ends of the circuit ( [i.e of the condenser) will 
be greatly increased, and a much greater quantity of 
electricity will pass to and fro through the lamp. But 
the current will still be insufficient to light it with a 



Fig. 32. — Alternating-Current Circuit with Condensers. 


simple two-plate condenser such as this, unless of very 
unwieldy dimensions, or unless an enormously high 
e.m.f. be employed. It will be seen, hnwever, that by 
using a multiple-plate condenser of sufficient capacity, 
an ordinary e.m.f. will cause enough electricity to pass to 
and fro to light a lamp, or, if need be, a number of lamps. 

It has been explained how what is practically an 
alternating current can be kept up all round the circuit, 
even if one or two condensers be inserted therein (Figs. 
30 and 31); and the reader should now be able to 
understand that the fanciful arrangement of things 
depicted in Fig. 32 is possible ; any number of lamps, 
L , and condensers, C, being joined consecutively in the 
circuit of an alternator, A. The lamps will burn 
brilliantly if the condensers are of sufficient capacity, 
and the e.m.f. high enough. 


§ 14.] Mechanical Analogies 49 

When one or more coudensers are inserted in an 
alternating-current circuit, there is a considerable drop 
of voltage in each. It has therefore been proposed to 
use them instead of transformers for reducing the 
pressure on lamp circuits in very small installations, 
to enable low-voltage low-candle-power metal-filament 
lamps to be used. It is claimed that the condenser pro- 
vides a more economical means of doing this than a 
transformer. As far as is known, however, this system 
has made little headway. 

As will be presently explained, every electric circuit 
possesses more or less capacity, owing to the proximity 
of the conductors to each other and to the Earth. 

14. INDUCTANCE, CAPACITY, AND RESISTANCE 

IN A CONTINUOUS-CURRENT CIRCUIT In continuous- 

current work it is generally sufficient to liken a current 
to a steady flow of water through a pipe, the rate of 
flow representing current, the pressure on the water — 
e.m.f., and the resistance of the pipe — resistance in the 
electrical circuit. But here there is no good analogy 
for inductance, or for capacity; which two quantities 
are nearly always present in an alternating-current 
circuit. Consequently, some other (help is necessary to 
enable us to picture in our minds the phenomena of an 
alternating current, and to compare them with those 
of a continuous or direct current. 

In a course of lectures delivered at the Royal 
Institution in 1895, Professor George Forbes, F.R.S., 
employed various mechanical analogies to illustrate 
electrical phenomena. Somewhat similar but con- 
siderably-extended analogies will herein constitute the 
“other help” mentioned above* 

* The teacher or student should not be content with merely explaining 
or reading through the account of the following experiments). The con- 
trivances depicted in Fige, 33, 34, etc., should be actually made and 
experimented with. 
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In Fig. 33, i? is a short length of rigid rod, such as 
steel, mounted between steel centres s, s , on a stout 
iron frame F, so that it is quite free to turn thereon. 
F may be held in a bench-vice, or it may be secured 
to a bench by screws passing 
through its base, which should be 
at least one inch in width. 

Twist the top of the rod with 
the fingers and thumb of the right 
hand continuously round in one 
direction, and assume the twisting 
force applied to correspond with 
the e.m.f. in the electric circuit, and 
the rotation of R to represent the 
current. 

R then corresponds with an 
electric circuit in which there is 
Fig. 33. — Mechanical Poetically no resistance, inductance, 
Analogy for a Circuit or capacity ; for it may be set 
rotatin g and ke Pt rotating without 
appreciable effort, i.e., the current 
may be started at once, and kept up with a very small 
expenditure of energy. If there were absolutely no 
friction at 8, s, and no air-friction, R — when once set in 
motion — would keep in rotation for an indefinite time. 
Similarly, if we could get an electric circuit with 
absolutely no resistance of any kind (which would be 
impossible), a current — when once started — would keep 
flowing after the e.m.f, had ceased, 

fn the electrical case, the current is usually stopped 
by breaking the circuit, since this suddenly introduces 
a great resistance therein, In the mechanical case, the 
friction set up by slightly pinching R between the 
fingers is sufficient to bring the latter immediately 
to rest- 
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In Fig. 34, B is a similar rod to that in the previous 
figure. It has a stiff paper vane V fastened to it, and 
is placed in the frame F (Fig. 33) instead of the plain 
rod. The effect of V is to oppose continuous air re- 
sistance to the rotation of B, although it does not 
appreciably retard the setting-up or stopping of that 
rotation. This air resistance may be compared with 
electrical resistance, and the ar- 
rangement then corresponds with 
a circuit in which there is ap- 
preciable resistance, but practi- 
cally ,no inductance or capacity. 

If the same twisting force be 
applied as in Fig. 33, the rotation 
of the rod will not be so rapid ; 
in other words, with a given 
e.m.f., the current is less the 
greater the resistance. 

In Fig. 35, E is another steel 
rod, with a disk of lead L , tightly 
mounted on it. There is also 
or pointer p attached to E. The whole is put in the 
frame F (Fig. 33). Now, the air offers little or no 
resistance to the turning of L , on account of its shape \ 
but the latter, because of its inertia,* opposes con- 
siderable momentary resistance to the setting-up of 
motion in E] and it also tends to prevent the sudden 
stopping of E. This mechanical inertia is comparable 
with the inductance (sometimes called electromagnetic 
inertia) in the electric circuit, the effect of which is to 

* Inertia is that property of a body in virtue of which it resists being 
set in motion, having its motion changed, oi* being stopped when in 
motion. The inertia of a body depends upon its weight (or, more 
strictly, its mass), and also upon its shape. Force is necessary to 
overcome inertia, for it requires considerable force to set a heavy body 
(a flywheel, for instance) in motion, and also considerable force to stop it. 
When a body is in motion, it is said to hare momentum. 



Fig. 34. — Mechanical Ana* 
logy for a Circuit with 
Resistance only. 

an indicating finger 
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oppose momentarily the starting, changing, or stopping 
of a current (§§ 9, 10). Fig. 35 thus presents the 
mechanical analogy of a circuit with inductance 
only. 

If, in a circuit with inductance, the e.m.f. be removed 
without breaking the circuit, the inductive e.m.f. and 
current will subside quietly. If the circuit be broken 
by means of a switch (which is equi- 
valent to suddenly introducing an 
enormous resistance therein), the 
stored -up energy in the magnetic field 
(§ 41) will be sufficient to set up a 
momentary spark across the air gap 
at the switch, as already explained in 
§ 9. This is equivalent to trying to 
bring R to rest while it is rotating 
under the influence of L. It will be 
found impossible to do this suddenly, 
however tightly the rod R be piuched 
between the finger and thumb. The 
great friction then set up is the 
equivalent of the high-resistance gap which has to be 
introduced to break the electrical circuit. 

The rod R > vane V, and lead disk L in Fig. 36, 
represent a circuit possessing both resistance and 
inductance. This combination, when placed in the 
frame F (Fig. 33), requires a greater effort to set R 
rotating than in Fig. 35, but a smaller one to stop the 
rotation, since the resistance of V is always such as 
to tend to prevent rotation. Hence, in an inductive 
circuit containing resistance, the tendency of the 
current to persist or keep on is the less the greater 
the resistance. 

fn the above examples, e.m.f. has been k likened to a 
twisting or rotating force; current to the speed of 





R 

1 

lH 




Fig. 35. — Mechanical 
Analogy (or a Cir- 
cuit with Induct- 
ance only. 
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rotation ; electrical resistance to air friction, tlie friction 
at the pivots, and that due to pinching the wire; and 
inductance to inertia. We must now get something to 
represent capacity. 

In Fig. 37, there is the same frame F and steel rod 
R as in Fig, 33. Iu addition, there is a helical steel 
spring S, and a pointer p. One end of S is attached to 
the frame and the other to R ; and 
p serves to indicate the movement 
of the latter. The frame F is 
supposed to be screwed to a bench, 
or clamped in a vice. 

It will now be shown that this 
arrangement is typical of a con- 
denser. If a continuous or direct 
e.ni.f. be applied to a condenser, 
there will be a momentary current 
due to the rush of electricity into 
one of its coatingB (or set of 
coatings) and out of the other; 
the amount of which will depend 
upon its capacity : and the displaced electricity will 
represent the charge in the condenser. If the e.m.f. 
be removed, and the condenser left insulated, it will 
retain its charge: but when the condenser terminals 
are connected by a conductor, it will discharge itself, 
there being a sudden rush of electricity (momentary 
current) in the opposite direction. 

Turning now to our mechanical analogy (Fig. 37), 
on applying a twisting force (e.m.f.) to the top of R , 
there will be a certain rotation of p (current) until the 
force with which S tends to untwist equals the twisting 
force. The amount of twist (charge) that can be put 
upon R depends on the flexibility of 8 (capacity), and 
on the twisting force (charging e.m.f.) applied. When 
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Fig. 36. —Mechanical 
Analogy for a Circuit 
with inductance and 
Resistance. 
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R haB been twisted as much as possible, let its top be 
fixed (insulated) by means of a clamp ; R and S will 
then represent an insulated charged condenser. Now 
release the damp, and R and 8 will fly round, as in- 
dicated by p; this being equivalent to discharging the 



Fig. 37. — Mechanical 
Analogy for a Circuit 
with Capacity only. 


condenser, the momentary move- 
ment of p representing the momen- 
tary current of discharge. 

The discharge of a condenser, 
after it has been charged by a 
steady pressure, is really oscillatory 
in nature ; and the mechanical ana- 
logy fits the actual conditions, for, 
on release, p flies round a little past 
its normal position of rest, then 
returns, then goes back, thus mak- 
ing a certain number of diminishing 
oscillations before it comes to rest. 

It will be noticed that the 
pointer p (Fig. 37) always tends 
to return to its original position, 
whereas in Fig. 35, the effect of 


inertia was to cause L to continue 


its rotation. Thus the two effects, capacity and 
inductance, are directly opposite in nature. 

Fig. 33 illustrates a circuit with capacity (due to 
the spring 8) and resistance (due to the vane V), but 
practically no inductance. Now begin to twist the top of 
the rod R. It will be found that a greater force (e.m.f.) 


will be required to rotate p at a certain speed (current) 
than was necessary in Fig. 37. This is due to the 
resistance of V. When the top of R is released, the 
pointer will return to its original position, but the time 
taken will be longer than in the previous case, this 
again being due to the resistance offered by the air to 
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the vane V. This is equivalent to charging and dis- 
charging a condenser through a resistance, and shows 
that the time taken to do either is greater the greater 
the resistance in the condenser circuit. 

Next consider the case of a circuit with inductance 
(due to the lead disk L) and capacity (due to 5), as 



Fig. 38. — Mechanical Analogy Fig, 39. — Mechanical 

for a Circuit with Resistance Analogy for a Circuit 

ami Capacity. with Inductance and 

Capacity. 

shown in Fig. 39. As before, apply a twisting force 
to R. Both L and S will tend to resist the motion of p 
— owing to the inertia of the former, and the elasticity 
of the latter. If, after rotating p through a certain 
angle, the twisting force be withdrawn, -it will be found 
that L tends to rotate p still further, whereas S is 
endeavouring to reverse the rotation, i.e., the two effects 
are acting in opposition. The pointer p will con- 
sequently come to rest for a moment. At the instant 
that it does so, the force with which S is endeavouring 
to reverse the rotation will be at its maximum, whilst 
the momentum will be zero, hence the pointer p will 
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start moving backwards. When it has reached its 
original position, S will have untwisted, hut the mass L 
will then be moving at a good speed, and because of its 
inertia, will cause p to swing still further, until it is 
brought to rest again by the action of 8, L and p there- . 

upon starting back again. This 
to-and-fro or oscillating motion 
would go on indefinitely if it 
were not for the friction at the 
pivots, of the air, and in the 
material of the spring; causing 
the swing of the pointer to de- 
crease gradually, and bringing 
it eventually to rest in its 
original position. 

The above experiment repre* 
sentsthedischarge of acondenser 
(5) in a circuit possessing large 
inductance ( L) and very little 
resistance (air friction). The 
condenser is alternately dis- 

Kesistance, inductance, and charged and recharged in the 
Capacity. p ® 

reverse direction until the elec- 
trical energy has been dissipated in the form of heat in 
whatever resistance is present in the circuit, it being 
impossible to get a circuit entirely without resistance. 
It should be noted that the motion of p described above 
was caused by. only one application of the external 
twisting force (initial charging of a condenser). 

Fig. 40 shows a circuit possessing capacity (due to 
8), inductance (L), and resistance (F). On twisting 
the top of the rod R and then withdrawing the twist- 
ing force, it will be found that the effect is somewhat 
similar to that in Fig. 39. But the swinging of p will 
be appreciably “damped”; i.e., instead of continuing 



Fig. 40. — Mechanical Ana 
logy for a Circuit with 
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§ 15 j Discharge of a Condenser 

to oscillate from one side to another for a comparatively 
long time, the pointer will oscillate or swing to and fro 
very few times, the oscillations rapidly decreasing in 
amplitude, and the pointer soon coming to rest. This 
is equivalent to discharging a condenser through a 
circuit possessing inductance and a large resistance; 



Fig. 41. — Oscillogrnre showing the Discharge of a Condenser. 
(Cambridge Scientific Inst. Co.) 


and clearly shows that the greater the resistance the 
less will be the number of electrical oscillations, since 
the electrical energy is quickly absorbed and converted 
into heat by the resistance. 

15. EFFECT OF INDUCTANCE AND RESISTANCE 
ON THE DISCHARGE OF A CONDENSER.— The con- 
trivances in Figs. 39 and 40 served to illustrate 
(mechanically) the facts that the oscillatory discharge 
of a condenser in a circuit with much inductance and 
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little resistance is comparatively prolonged ; and that 
the addition of resistance reduces the oscillations and 
the time of discharge. 

These statements are proved by the oscillogram 
curves in Figs. 41 and 42. These were obtained by 
means of an oscillograph (§ 6). 

The first figure shows the variation of the condenser 
discharge current when 
it took place in a circuit 
with ' considerable in- 
ductance and very little 
resistance. Allowing 
for the fact that the 
illustration does not 
quite show the finish of 
the discharge, we may 
assume that it consisted 
of about ten oscillations. 
In Fig. 42 the number 
of oscillations is only 
about half, this being 
the result of adding 
considerable resistance 
to the previous circuit 
and again discharging 
Fig. 42 .— Oscillogram showing the Dis- t j, e con( Jenser. 

charge of a Condenser. ( Cambridge 

Scientific Inst. Co.). The signals in wire- 

less telegraphy are made 
up of discharges like that in Fig. 41, each signal consist- 
ing of a large number of such discharges. Thus if the 
signalling key be kept down for one second for a “ dash/’ 
in that time from 200 to 300 discharges will occur. 

16. INDUCTANCE AND RESISTANCE IN AN ALTER- 
NATING CURRENT CIRCUIT.— In the preceding § 14 
mechanical illustrations of the phenomena of the con- 
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tinuous-current circuit were given. We will now apply 
similar analogies to the alternating -current circuit, 
with the help of the same mechanical devices. 

In Fig. 43, B is a piece of steel red, mounted on 
centres s, s, in a frame F, as already described on p. 50. 
Twist It rapidly to and fro, giving 
a turn first in one direction and 
then in the other. This represents 
the application or “impression” of 
an alternating e.m.f. to or on the 
circuit. As It is supposed to have 
no inertia or flexibility, and as it 
is presumed that little resistance 
is opposed to its rotation, it may 
be taken to represent an imagi- 
nary circuit with no inductance or 
capacity, and low resistance. The 
direction of twist (e.m.f,) and rota- 
tion (current) may be changed 
immediately, and one might almost 
say that the rate of rotation 
(strength of current) was uniform, 
though rapidly alternating in direction. This case may, 
therefore, be taken as analogous to the alternating 
current represented by the graph or “curve” in Fig. 10 . 

In Fig. 44 the stiff paper vane V represents resistance 
in the electrical circuit ; but it must be supposed not 
to possess any inertia. Then, if the same alternating 
twisting force (e.m.f.) be applied to the rod as before 
(Fig. 43), the rate of rotation (strength of current) will 
be leas than in the first instance, in consequence of 
V ; but there being no inertia, as we suppose, the rota- 
tion (current) will change directly the twisting force 
changes, and will always be at the same rate for a 
given force. Here we have the representation of an 



Fig. 43. — Mechanical 
Analogy for a Circuit 
without. Resistance, In- 
ductance, or Capacity. 
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alternating-current circuit, in which there is practically 
only resistance, and no appreciable inductance or 
capacity. 

In Fig. 45 is shown the mechanical analogy of a 
circuit with inductance only (due to L). Apply an 
alternating twisting force (e.m.f.) to R . It will be found 
that the maximum force will have to be applied at the 



Fig. 44. — Mechanical Ana- Fig. 45. — Mechanical 

logy for a Circuit with Analogy for a Cir* 

Resistance only. cuit with Induct- 

ance only. 

start, and that less force will be necessary as L gets 
into motion. To stop L and reverse its direction of 
rotation (current), the twisting force must be applied 
in the opposite direction. Thus the pointer p can be 
kept oscillating (alternating current) by applying a 
twisting force to oppose its outward swing on each side, 
and continuing that force until p is well in motion on 
the return swing. 

The relation between the alternating twisting force 
(alternating e.m.f.) and the motion of p (alternating 
current) can be shown by means of the graph in 
Fig. 46. It is assumed that the disk L makes les3 
than a complete revolution in either direction, and that 
a certain position of p corresponds with the zero or 
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reversing point of the force (e.m.f.). This position may 
conveniently be that when;? is pointing directly to the 
frame F (Fig. 43). in which R L and p (Fig. 45) are 
mounted. 

Let the horizontal line in Fig. 46 represent the time 
base (as in Fig. 17), and let the distances above and 
below this line represent either the alternating twisting 



Fig. 46.— Curves showing Relation between Alternating Twisting 
Force (E.M. F.) and Speed (Current) with Inertia (Inductance) 
only in Circuit. 


force (alternating e.m.f.) applied at R as in curve E , or 
the angular velocity * of p (alternating current) as in 
curve 1. 

To begin with, a rather sharp twist has to be given 
to R to start L y as shown by the peak p' at .the begin- 
ning of E. The force necessary then decreases to 
zero at z } and is reversed (z to y) in order tp bring L 
to rest. This instant corresponds to time a in the 
figure. Since the twisting force is still maintained 
(y to x), L begins moving in the opposite direction, as 
indicated by the continuation of curve I below the 

time base past the reversing point a. A 

The twisting (or electromotive) force E, f 
having reached its negative maximum l / \ 


* Angular Velocity,— If a line 0 A (Fig. 47) 
rotates about a centre 0, the point A will describe 
a circle. The rate at which A moves along the 
circumference of that circle is called the anyular 
velocity of 0 A , and depends on the aDgle traversed 
by 0 A in one second. 


Fig. 47.— Angular 
Velocity. 
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afc y, is gradually decreased until, when the negative 
movement of the pointer is maximum at d , the force is 
zero at x. While the force was reduced from y to a?, 
the speed of L or p (current) has been continually 
increasing (from a to d) t so that its momentum will 
tend to carry it on ; thus the twisting force at R will 
again have to be reversed (after x) so as ,to retard and 
reverse the motion of L, until at the end of time o b, E 
will be maximum at w, and 1 zero at b. Consequently, 
the pointer begins to swing backwards again, as from 
b to e, 

These reversals and speed variations (alternating 
current) continue to take place as long as the alternating 
twisting force (alternating e.m.f.) is maintained. 

The waves of e.m.f. and current in Fig. 46 differ in 
shape at the start from what they are later, it being 
remembered that the point 0 represents the beginning 
of the setting-up of the alternating current in the 
inductive circuit. 

It is important to notice that the zero and the 
maximum values of the motion or current curve I 
occur a quarter of a cycle after those of the twisting- 
force or e.m.f. curve E. For example, the force is at 
its maximum at y, and the current at its maximum at 
d; the force is zero at x and the current is zero at b: 
the intervals y-d and x-b being a quarter-cycle apart. 
A whole cycle would be from a to c or from x to v , 
Hence, if an alternating -current circuit contained in- 
ductance only, the current would " lag ” a quarter of a cycle 
behind the e.m.f applied to the circuit. In other words, the 
two would be “ in quadrature? ( See Appendix A.) 

The above statement may be made clearer by means 
of Fig, 48, which is a plan of Fig. 45. R is the rod that 
is being subjected to an alternating twist, p is the 
pointer attached thereto, and L is the disk of lead. 
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R F represents the zero position, while R B and R A 
are the extreme positions between which the pointer 
swings. 


Let us consider the variations in the twisting force 
(e.m.f.) applied to R, and in the speed of p (current), 
during the swing from R B to R A; and let the 
particular time considered be the half cycle during 


which the e.m.f. passes 
through y x w and the 
current through a d b in 
Fig. 4b. 

The pointer is station- 
ary for a moment in the 
position R B , and the 
twisting force is at its 
maximum acting inwards. 
This condition corre- 



sponds to points a and y * d 

respectively in Fig. 46. Fig. 48.— Variation of Twisting Force 
The pointer then starts «• 

moving to wards the centre 

position R F, its speed (current) increasing as shown at 
ad (Fig. 46), while the force decreases and is zero at 
X when the pointer arrives at R F, which corresponds 
with d in Fig. 46. The twist (e.m.f.) is then reversed 


( x to), and attains its maximum when p has reached 
the position R A, corresponding with points b 


and w. 


The variations in magnitude and in direction of the 


twisting force (e.m.f.) during this half oscillation (half 
cycle) are shown in Fig. 48 by the length and the 
direction of the dotted arrows. The corresponding 
values of the speed (current) are represented by the 
lengths of the full-line arrows, which all point in the 
same direction, since the current does not reverse during 
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the time considered. The dots a and b in Fig. 48 are 
meant to signify that there is no movement or current 
at these points. 

It should now be evident that the maximum value 
of the twisting force (maximum e.rn.f.) occurs at B, 
while the maximum speed (maximum current) in the 
same direction occurs at F, a quarter of a period later. 

In other words, the current lags 
90° behind the applied voltage. 

Fig. 49 illustrates a circuit with 
inductance (L) and resistance (F). 
On applying an alternating twist- 
ing force in this case, we get a 
result somewhat similar to that 
considered in the previous section, 
except that the action of the vane 
V (resistance) renders it more 
difficult to accelerate the mass L, 
and assists to bring that mass to 
rest. In fact, V retards or reduces 
the motion in either direction. 
The result is that the motion or current curve I (Fig. 
46) will still lag behind the force curve E, but the amount 
of the lag will be smaller than in the previous case; 
that is to say, the force and current maxima or zeros 
will be something less than a quarter-cycle apart, as 
there is resistance as well as inductance present. 

17. INDUCTANCE, CAPACITY, AND RESISTANCE 
IN AN ALTERNATING-CURRENT CIRCUIT.— In Fig. 50, 
the spring S is introduced to represent capacity in 
the circuit. On applying an alternating twist to R, 
the elasticity of S continually tends to cause the pointer 
p to return to its original or zero position, i.e., it 
assists to bring p back to that position, and opposes 
any attempt to cause p to rotate 1 outwards in either 
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Fig. 49. — Mechanical 
Analogy for a Circuit 
with Inductance and 
Resistance 
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direction. This is equivalent to saying that when an 
alternating e.m.f. is applied to a 
capacity only, the effect of the latter 
is always to assist in reversing the 
current. 

This effect is shown very clearly 
by the diagram in Fig. 51. At the 
instant of starting, a small twisting 
force will cause the pointer p (Fig, 

50) to move quickly, as shown by 
the peak p\ The opposing force of 
the spring, however, increases with 
the deflection of p , until the speed 
of the latter is reduced to zero ; the 
opposing force of the spring being 
then equal to the twisting force 
applied, as at the points y and a in 
Fig. 51. This is exactly analogous 
to what happens when a capacity 
(condenser) is charged. 

The twisting force is then decreased. to nothing, 
ie., from y to x on curve E, and then increased in 


TIME BASE 


Fig. 61. — Curves shoeing Relation between Alternating Twisting 
Force (E.M.F.) and Speed (Current), with Spring (Capacity) 
only in Circuit. 

the opposite direction, i.e M to w. The pointer (Fig. 50), 
consequently travels back to its farthest position in 
the opposite direction, with a speed (current) as indicated 
by a d b on curve I. An oscillating movement of the 



circuit containing 


5 ^ 

R 



Fig. 50. — Mechanical 
Analogy for a Circuit 
with Capacity only. 
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pointer can thus be obtained by applying an alternating 
fcwi3t to R. 

It will be seen in Fig. 51 that the zero and maximum 
values of the motion or current curve / occur a quarter 
of a cycle before those of the twisting-force or e.m.f. 
curve E. For example, the force is at its maximum at 
u>, and the current at its maximum at d: and the force 
is at zero at a;, and the 
current at zero at a ; 
the intervals d-w and 
a-x being a quarter- 
cycle apart. Thus, in 
a circuit containing 
capacity only , an alter- 
nating current- “leads” 
by cl quarter-cycle in 

Fig. 52,— Variation of Twining Force front of the e.m.f . 

a nd Speed during one Swing of p Capacity, therefore, 
\n Fig. oO. C \ . 

has exactly the opposite 

effect to that of inductance, which, as we have seen 
(p. 62) causes the current to lag behind the e.m.f. 

As in Fig. 46, so in Fig. 51, it should be noticed that 
the waves of e.m.f. and current differ in shape at the 
start from what they are later, it being remembered 
that the point 0 represents the beginning of the setting- 
up of the alternating current. 

The fact that the current in a circuit with capacity 
only is 90° in advance of the e.m.f. may be made clearer 
with the help of Fig. 52. This diagram resembles 
Fig. 48, except that a spring S replaces the disk L ; that 
is to say, it is a plan of Fig. 50. The variations in the 
twisting force (e.m.f.) applied to the rod R and in the 
speed of the pointer p (current) are represented by 
dotted and full-line arrows respectively. 

Fig. 52 represents the conditions during the time 
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the is passing from y to w and the current from 
a to 6 in Fig. 51. The pointer p has reached the 
position F where the twisting force (e.m.f.) is reversed, 
and where it is consequently at its zero value. But at 
this same point, its speed (current) d is at its maximum. 
A quarter of a cycle later, when the pointer reaches 
the position RA, the force (w) 
is maximum and the speed 
( b ) zero. 

In other words, the current 
leads in front of the applied 
e.m.f. by 90°. 

The addition of a resistance 
(P) to a circuit containing 
capacity is shown in Fig. 53. 

The result is that the vane V 
will retard the swinging of p, 
and will decrease the amount 
by which the current curve / 
leads in front of the pressure 
curve E in Fig. 51. Fig. 53.— Mechanical Analogy 

The point to remember in for a Circuit with Eeeiet - 
. r . . . . ance and Capacity, 

connection with the above and 

the previous section is that the addition of resistance 
to a circuit containing either inductance or capacity, 
decreases the lag of the current in the first case and 
decreases the lead of the current in the second case. 

18 . INDUCTANCE, CAPACITY, AND RESISTANCE 
IN AN ALTERNATING -CURRENT CIRCUIT (cont.). 
ELECTRICAL RESONANCE. — Fig. 54 illustrates a circuit 
with both capacity and inductance. It has already 
been explained (p. 56) how the pointer;? can be made 
to oscillate something like a pendulum by applying an 
initial twisting force. If a small twist be afterwards 
applied at the beginning of each swing, in the direction 
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of that swing, it will be found that the amplitude , or 
amount, or extent of the oscillations will increase. 

A well-known example of this effect, which may be 
termed mechanical resonance, is found in the method of 


setting a swing-boat in motion. Small pulls are applied 
to the rope at the correct moments, with the result that 
in a short time the boat is swinging high, i.e., with 



great amplitude ; and the swings 
or oscillations can be maintained 
with very much less exertion than 
at the start. 

The above shows that in the 
electrical circuit under considera- 
tion, i.e., having both inductance 
and capacity, large currents (repre- 
sented by the high speed of the 
mass L in Fig, 54) and high voltages 
(represented by the great strain 
produced in the spring at the end 
of each swing) may be set up by the 
application of a comparatively small 


Fig. 54 . — Mechanical external e.m.f., under certain condi- 
Analogy for & Circuit tions. These conditions are (a) 
edacity. that the frequency of the applied 


or impressed alternating e.m.f. 


must be the same as that of the electrical oscillations 


occurring in the circuit ; and (6) that the two must be 
always in the same direction. 

This phenomenon — the setting-up of high voltages 
within the conductor — is known as electrical resonance ; 


and it was first observed on the early long transmission 
cables of the Deptford Station of the London Electric 


Supply Corporation. Great care is nowadays exercised 
in the design of long covered or underground cables, 
to ensure that the frequency of the electrical oscillations 
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produced therein shall be very high compared with that 
of the supply. If this care were not taken, the high 
resonance voltages that would be set up would very 
likely break down the insulation. 

In an overhead transmission line, the capacity is 
very small, so that the possi* 
bility of electrical resonance is 
exceedingly remote. 

Electrical resonance is also 
of importance in connection 
with wireless telegraphy, but 
in this case it is wanted. The 
inductance and capacity in the 
receiving circuit are adjusted so 
that the oscillations in that cir- 
cuit possess the same frequency 
as those of the transmitting 
circuit. The receiver is then 
said to be in resonance with or 
to be tuned to the transmitter. 

Fig. 55 is analogous to a 
circuit possessing inductance 
(L), resistance (F), and capacity 
(S'). On applying an alternating twisting force at R, 
it will be found that the effects of L and *S V tend to 
neutralize euch other. In such a case, the current either 
lags behind or leads in front of the e.m.f. It lags if the 
inductance preponderates, and it leads if the capacity 
preponderates. 



Fig. 55. — Mechanical Ana 
logy for a Circuit vith 
Resistance, Inductance, and 
Capacity. 


It may be pointed out that one particular in whidh 
the mechanical analogies illustrated in several of the 
foregoing figures do not exactly fit the true condition of 
things, is that the resistance (air friction), inductance 
(inertia), and capacity (flexibility), are contained in 
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separate parts of the circuit (rod). In the real electric 
circuit these properties are, as a rule, more or less 
intermingled along the whole of its length. Though 
this fact does not materially affect the application of the 
analogies, it should be 
borne in mind. 

19. 41 RESONANCE" 
FREQUENCY INDICA- 
TOR. — A frequency in- 
dicator or frequency 
meter is an instrument 
for indicating the fre- 
quency in a circuit (§ 7). 
The type described be- 
low gives a very good 
example of the applica- 
tion of mechanical re- 
sonance, and is one of 
various makes acting in 
this way. 

The principle of this 

Fig. 56. — Principle of a « Resonance * instrument JS sllOWD in 
Frequency Indicator. (Everett, fa There is a 

Edgcumbe Co.) 6 , , . . . . . 

central laminated iron 

core i, with circular flat laminated iron top t. Around 
this core is a high-resistance coil or winding w } the 
ends of which are connected by two terminals on the 
outside of the case to the supply mains. Arranged in a 
circle around the coil, and in close proximity to the flat 
top, are a number of thin steel reeds r r r, with bent- 
over flat tips; these reeds being securely fixed at their 
lower ends in the brass base-plate b. 

Now if a continuous current were sent through the 
coil, and if t were, say, a N. pole, all the reed tips would 
be S. poles and would be drawn in towards t. But with 
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an alternating current in the coil, t and r r, etc., are 
being rapidly and continuously magnetised and de- 
magnetised; and the tendency is for the latter to be 
set in vibration. Each individual reed, however, is 
“ tuned to a different rate or frequency of vibration, 
and they are ranged in order with gradually increas- 
ing frequencies. Consequently, when an alternating 
current traverses 
the instrument, 
that particular 
reed whose fre- 
quency of vibra- 
tion corresponds 
with the frequency 
of the current, will 
be set into vibra- 
tion. The bent- 
over ends or tips 
of the reeds are 
painted white, and 
show up well 
against the dark Fig. 57.-“ Resonance •’ Frequeacy Indicator. 

& (Everett, Edgcumbe Co.) 

background of the 

interior of the instrument, as seen in Fig. 57. 

The particular reed which responds to the circuit 
frequency will do something more than vibrate regularly, 
i,e. t it will resonate ; the amplitude of its vibration 
increasing until the little white flag or tip is oscillating 
vigorously over an appreciable distance. 

This action of the instrument is well shown in Fig. 
57, where the reed corresponding to a frequency of 50£ 
is shown resonating. Those on either side of it are 
vibrating to a less extent, while all the others are 
apparently quiescent. The particular instrument here 
shown has a range of from 4>3 to 57 cycles. 
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The impedance (§ 27) of the coil of the instrument ia 
generally sufficiently high to permit of its direct connec- 
tion across the circuit; but in some cases an external 
resistance is connected in series with the instrument. 

20. LAG AND LEAD, — It was explained in § 16 that 
the presence of inductance in an alternating-current 
circuit causes the current wave to lag behind the e.rn.f. 
wave. , 

This effect is depicted in Fig. 58, where the dotted 
curve, E, represents the e.m.f. or pressure wave; and 



the other curve, I, the current wave. Beginning at 
the left-hand end of the horizontal line or time base, 
it will be seen that the current starts from zero after 
the c.ra.f. starts from zero, and reverses after the e.in.f. 
reverses, and so on. In other words, the current lags in 
phase behind the e.m.f., although its frequency is exactly 
the same. 

The amount of lag is measured in degrees as set out 
along the time base, Thus the lag is indicated by the 
distance, d, between a zero point on the pressure curve 
and the adjacent zero point on the current curve, and is 
in this case about 70°. The lag due to inductance may 
be anything up to 90° (a quarter-period), but cannot 
exceed this. 

The differences between Figs. 46 and 58 should be 
noted. In the first place, as previously mentioned, Fig. 
46 represents the actual starting of a current in an 
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inductive circuit j the pressure and current waves there 
being of different form at the beginning, due to the 
first effect of the inductance. In Fig. 58 both waves 
are supposed to have settled down to their regular forms. 
In the second place, it will be noticed that in Fig. 46 the 
current lags behind the voltage by 90°, since the circuit 
is assumed to be purely inductive ; whereas in Fig. 58, 
the angle of lag is only about 70°. To give the latter 
value, the circuit must possess both inductance and 
resistance. 


In § 17 it was shown that capacity in a circuit 



causes the current to lead in front of the e.m.f. or pressure. 
This is depicted in Fig. 59, which should be compared 
with Fig. 51. The latter figure represents the starting 
of a current in a capacity circuit, the waves being 
different in form at the beginning. Fig. 59 shows the 
regular form of the waves when the current has once 
been started. In this figure the angle of lead is 45* ; 
in Fig. 51 it is 90’— which is a theoretical maximum 
that is never reached in practice, since all conductors 
possess some resistance, however small it may be. 

There has been some objection to the terms “ lead of 
current ” or ‘dead in phase/' principally on the ground 
that they tend to convey the idea that the effect pre- 
cedes the cause— i.e., that the current is set up before 
the e.m.f. causing it, which of course would be impossible. 
The phenomenon should be clear from the consideration 

4 — (T.5101) 
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of Figs. 51 and 52, where it was shown that, when the 
circuit has capacity only, the time of applying the 
maximum twisting force (maximum e.m.f.) in the 
direction of the swing occurs a quarter of a period 
later than the maximum speed (maximum current) in 
the same direction. In other words, although at the 
beginning, as seen in Fig. 51, the applied e.m.f. and 
current start together; yet after starting, the current 
leads in front of the applied e.in.f. 

As a general rule, alternating currents lag more or 
less in phase, as the inductance usually greatly pre- 
ponderates over the capacity : but, on very long cables, 
or by purposely introducing capacity into a circuit, the 
lag may be neutralized or even exceeded by the lead, 
and the current will then be either in phase with the 
pressure or leading in phase. 

Lag and lead are further dealt with in §§ 26, 33, 
36, etc. 

21. AMPLITUDE AND PHASE. — The amplitude of an 
alternating e.m.f. or current is the maximum value or 
height of each wave. Thus, iu Fig. 17, the distances 
a a represent the amplitude of the waves of e.m.f. 

Both e.m.f. and current undergo periodic changes of 
strength, or in other words, they pass through different 
cycles or states. When the current rises, falls, and 
reverses exactly at the same time as the e.m.f,, the 
current is said to be in phase or in step with the e.m.f. 
But, as already explained, the current is seldom in step 
with the pressure, its wave being more often out of phase* 
with the e.m.f. wave, owing to the effects of inductance 
or capacity, or of both. 

The frequency of the current is, however, always the 
same as that of the e.m.f. 

22. “ SKIN EFFECT " OR CONDUCTOR REACTANCE.— 

When a continuous current begins to traverse a con- 
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ductor, it commences to flow first at the surface, and 
then at last penetrates to the interior: when it stops, 
it leaves off first at the surface and lastly in the 
interior. 

This effect is due to the inductance of the conductor, 
and may be explained as follows. Imagine the con- 
ductor to consist of a number of separate small 
insulated wires packed closely together side by side 
(Fig. 59a). Each separate wire would produce a field of 
its own, which, in accordance with Lenz’s law, would 
set up a reverse e.m.f. in itself, and also in the neigh- 
bouring wires. Near the centre, each wire is completely 



Fig. 69a. — '* Skin Effect ” or Conductor Reactance. 

surrounded by other wires, whereas on or near the 
outer surface, the wires are only partly surrounded. 
Consequently, the total reverse e.m.f. produced in a 
conductor near the centre would be stronger than 
that near the surface ; so that a continuous current, 
when starting, would find less momentary opposition 
near the surface than in the interior of the conductor. 
In other words, the conductor would possess greater 
inductance at its centre than in the outer layers. 

On account of this higher inductance at the centre of 
a conductor, an alternating current, when it commences 
to flow in it, starts first at the outer surface and then 
penetrates more or less to the interior. The current, 
however, will have reversed before it has had time to 
distribute itself evenly over the section of the con- 
ductor. Consequently, the greater part of the current 
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flows near the surface, whilst little or no current passes 
through the centre. 

This phenomenon has been given the name of skin 
effect, and depends upon the shape of the section of the 
conductor. Thus if we take two conductors of equal 



length, resistance, and cross-section; one being of 
circular section and the other in the shape of a ribbon 
(Fig. 59a); it will be found that the so-called “akin 
effect” of the first is greater than that of the second, 
for the reason that the latter conductor is more spread 
out, i.e., the imaginary separate wires composing it are 
not so much under each other’s inductive influence. 
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The term “akin effect M would lead one to think that 
with two or more conductors of equal cross-section, the 
phenomenon in question would be more marked in the 
one with the greater surface, whereas the reverse is the 
case. It is here suggested that conductor reactance would 
be a better and more expressive name for this effect. 

The actual extent to which this “skin effect” or 
conductor reactance increases the resistance of a con- 
ductor is very clearly seen in Fig. 60. From this it 
will be evident that the larger the sectional area of the 
cable, and the higher the frequency, the greater will be 
the increase in the resistance. 

23. VIRTUAL VOLTS AND AMPERES. —The e.m.f. of 
a practical alternator is continually rising, falling, and 
reversing, in much the same manner as described in 
\ V, a.vA \k\fe \w xwwsk 

reverse in sympathy (though not necessarily in step) 
with the e.m.f., as seen in Figs. 58 and 59. 

It is clear that we cannot take the maximum points 
of the pressure or current wave as the nominal value, 
for the pressure or current are only at these maxima 
for comparatively short periods . What is rightly called 
an alternating e.m.f, of, say, 100 volts, must at some 
instants be considerably above 100 volts, and at other 
instants be zero. Similarly, an alternating current of, 
say, 10 amperes, is continually and very rapidly varying 
from zero to something more than 10 amperes in either 
direction. 

We must take a value, called the virtual value, which 
is equivalent- to that of a direct e.m.f. or current which 
would produce the same effects. And those effects are 
taken which are not affected by rapid changes in direc- 
tion and strength ; in the case of e.m.f. or pressure — the 
reading on an electrostatic voltmeter ; and in the case 
of current — the heating effect. 
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Thus, a virtual e.m.f. of 100 volts is one that would 
produce the same deflection on an electrostatic voltmeter 
as a direct or continuous e.m.f. of 100 volts: and a 
virtual current of 5 amperes is that current which 
would produce the same heating effect as a continuous 
current of 5 amperes — in some kind of electric heater 
for example. But both pressure and current will be 
continually varying above and below these values. 

The virtual value of an alternating e m.f. or current 
having a sine-wave form (Fig. 17) is ‘707, or some- 
what less than three-fourths of its maximum value. 
For example, an e.m.f. which alternates between 
maximum values of 100 volts in ODe direction, and 100 
volts in the other, will have a virtual value of about 
70*7 volts. Similarly, a current which alternates 
between maxima of 10 amperes in one direction, and 
10 amperes in the other, will have a virtual value of 
about 7*07 amperes. The reciprocal* of *707 is 1*41, so 
that if any virtual value of pressure or current be 
multiplied by this number, the product will give the 
approximate maximum value. Thus, a virtual alternat- 
ing pressure of 220 volts alternates between maxima of 
(220x1*4(1 =) 310 volts in either direction; and a 
virtual current of 50 amperes between (50 x 1*41 =s), 
say, 70 amperes in one direction, and 70 amperes in the 
other. 

A given virtual alternating pressure throws more 
strain on the insulation of a circuit than a continuous 
pressure of the same value (§ 37): and in this connection 
it should be remembered, as we have just pointed out, 
that any given virtual pressure fluctuates between 

* The reciprocal of any number, », la obtained by dividing it into 
unity — i.e., reciprocal of msl* Thus reciprocal of *707 = 

= 1-41442 ... or *ay, 1 '41. The product of any number multiplied 
by ita reciprocal ia unity : thua *707 x 1 -41442 . . .=1. 



79 


§ 24.] Virtual or R.M.S. Values 

maximum values nearly half as high again as its virtual 
value. If the wave of pressure differs from the sine- 
curve form, a matter which depends on the design of 
the alternator, as mentioned in § 6, the maxima may be 
as much as twice the virtual value. In such a case, the 
form of the current wave will also be affected. 

It has been stated that an alternating current may 
be measured by its heating effect. Now as the latter, 
with a given resistance, is proportional to the square of 
the current, what we measure on the ammeter is the 
mean or average of the square of the current ; and the 
instrument is calibrated to give the square root of this 
mean value, i.e., the virtual value. This explains why 
the virtual value is often referred to as the root-mean- 
square or value. 

It must be noted that the virtual or r.in.s. value of 
an alternating current or voltage is not the same as the 
arithmetical mean or average value, which is only *637 
of the maximum value, for a sine curve. The virtual or 
r.m.s. value ('707 of the maximum) is Til .times the 
arithmetical mean value. 

24. FORM FACTOR — In the preceding section it 
was stated that the r.m.s. value of an alternating 
voltage or current is not the same as its average value. 
The ratio of the former to the latter is known as the 
form factor of the voltage or current wave, i.e., 

Form Factor = 

r.m.a. (or indicated) value of voltage or current 

arithmetical mean or average value of voltage or current. 

The indicated value is — of course — that shown by the 
voltmeter or ammeter. 

In any given case, the form factor depends upon the 
shape of the wave. Thus, for a pure sine wave, the 
form factor is Til. For a peaked wave, such as that in 
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Fig. 61, it is higher than the above value; whilst for a 
flat- topped wave it is lower. 

Suppose an alternating current to have the following 
successive values at successive equal intervals during 
one cycle, beginning from zero :• — 0, 2, 10, 3, 0, —2, —10, 
—3, 0. A curve corresponding to these values is shown 



in Fig. 61. The average value of this current during 

nil) 

the first interval is — ^-=1. Similarly, during the 

succeeding intervals, the average values are: — 


2 + 1 ° _ 
2 ~ 6, 

- 15 . 


10 + 3 
2 


= 6*5, 



— 6*5, 


The arithmetical mean value for the first half cycle 

_ 1 + 6+6*5 +l'»5 _^^g. 

4 

and that for the second half cycle = — 3*75. 
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Further, the r.m.s. value for the first half cycle 


= / (T jF+jff+W(W _ f51 

V 4 

and for the second half cycle = — 4 51. 

Finally, the form factor in this case 

3-75 

The importance of the form factor lies in the fact 
that it is — to some extent — an indicator of the goodness 
(or badness) of the design of a machine. For example, 
in an alternator, the r.m.s. voltage induced depends not 
only upon the total number of lines of force per pole, 
but also upon their distribution. If the flux is concen- 
trated, the e.m.f. wave will be peaked ; but if the 
same amount of flux is evenly distributed over the pole 
face, the e.m.f. wave is flattened, and the r.m.s. voltage 
will be smaller than before. 

The simplest method of determining the form factor 
of an alternating e.m.f. or current is to obtain the exact 
shape of the wave by means of an oscillograph (§ 6). 
Examples of such curves are shown in Fig. 62, which is 
an oscillogram reproducing the e.m.f. and current curves 
(marked “ V ” and “0 ” respectively) in a certain circuit. 
By measuring-up, say the voltage wave, in the manner 
shown in Fig. 61, its form factor can be determined in 
the way described above. 

25. VECTOR DIAGRAMS. — It was shown in Figs. 16 
and 17 that when a point p rotates at a uniform rate 
round a circle, its distance above or below a horizontal 
line bisecting the circle will follow a sine curve when 
plotted on a time base. 

If we represent to scale the maximum value of an 
alternating e.m.f. by a straight line OP (Fig. 63), and 
suppose OP to be rotating about 0, like one arm of a 
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windmill, then the point P will describe a circle, and a 
complete rotation will correspond to a complete cycle 

« n 


Fig 62. — Oscillogram showing E. M.F. and Currant Ware* ( Cambridge Scientific Inst. Co.) 
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Next, if in any of the positions of OP, a line PQ be 
drawn parallel to the horizontal line OA , OQ will give 
the height of P above OA : and if these heights were 
plotted on a time base, we should get a sine curve 
similar to that in Fig. 17. Thus when an alternating 
e.m.f. is of a true sine- wave character, the length of OQ 
will represent to scale the value of the e.m.f. at any 
particular instant. At the start of the cycle, OP will 
coincide with OA, and OQ 
will be zero. Assuming that 
OP begins to rotate at a con- 
stant speed in a counter- 
clockwise direction,* it is 
evident that OQ will increase 
until OP coincides with OB 
Then OQ will be equal to 
OP, it., the e.m.f. will be 
at its maximum. As OP 
rotates still further, OQ 
will diminish; and when OP 
has revolved through 180° from its original position 
OA, the e.m.f. will have dropped to zero. After passing 
this point, OQ gradually increases again, but this time 
in the opposite direction, and the e.m.f. will have a 
maximum negative value at 270°, i.e at OC. Beyond 
this, OQ diminishes until OP once more coincides with 
OA, when the e.m.f, will be zero again. Further rotation 
of OP will simply give a repetition of the above values 
of OQ. Hence one rotation of OP is equivalent to the 
passing of the e.m.f. through one complete cycle. 

It should now be understood that alternating 
currents as well as voltages can be represented by 

* This direction of rotation is now practically always adopted in 
these diagrams. Fig. 16, by the way, is based on clockwise rotation, 
but it will serve for comparison. 



Fig. 63.— A Rotating Vector. 



8 4 


Alternating-Current Work [chap. ii. 



rotating lines whose lengths are proportional to their 
maximum values ; and that the projection of any one of 
these lines on the vertical axis, at any instant, repre- 
sents the instantaneous value of that quantity, that is 
to say, the value at that particular instant. Thus OQ 
in Fig. 63 is the instantaneous value of the e.m.f. vector 
OP at the moment it is in the position there showD. 

The line OP in Fig. 63 is called a rotating vector , 
and diagrams in which such 
vectors are employed are called 
vector diagrams. As will be seen 
presently, vector diagrams are in- 
dispensable in many alternating- 
current calculations, and every 
endeavour should be made to 
grasp them thoroughly. A re- 
presentative selection of such 
diagrams faces page 1 ; and their 
various uses will be understood 
in due course. 

In practice, alternators are seldom or never con- 
nected in series; but suppose, for the sake of furnishing 
an example of vectorial working, two such machines are 
so connected, and suppose further that they have the 
same frequency but that their e.m.fs. are out of phase.* 
Their resultant e.m.f. can be determined vectorially, as 
shown in Fig 64, where OA represents the maximum 
e.m.f. of one alternator, and OB that of the other. This 
is a case, by the way, where the e.m.fs. of the machines 
are unequal ; if they were equal, OA would be equal in 
length to OB. 

Now suppose OA is drawn first, it may be drawn 

* It should be obyious tbit it would be useless to connect alternators 
either in Beries or in parallel, if their frequencies differed ; for no regular 
ware of e.m.f. could then be obtained from them. 


0 

Fig. 64. — To Find tbo 
Resultant of Two 
Vectors. 
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out at any angle with the base line. OB is next drawn 
so that the angle AOB is equal to the lag (§ 20) in 
degrees of OA behind OB. The resultant maximum 
e.m.f. of the two machines is found by completing the 
parallelogram OACB , i.e., drawing BC parallel to OA 
and AC parallel to OB, and then drawing the diagonal 
OC . The length of OC as compared with OA and OB, 
w*iH be equal to the resultant maximum e.m.f. This 
is proved by considering the instantaneous values Oa , 
Ob, and Oc of the respective e.m.fs. ; the sum of Oa and 
Ob being obviously equal to Oc . 

The above example illustrates the finding of the 
resultant of two vectors, a process which will be repeated 
in numerous other kinds of example that follow. 

26. EXAMPLES OF USE OF VECTOR DIAGRAMS. 
— It was explained in § 16 that in a circuit containing 
resistance only, an alternating current is in phase with 
the e.m.f. In a vector diagram these quantities would 
be represented by two coincident lines as shown in Fig. 
65. Here 01 stands for the current, and OE for the 
voltage ; Oi and Oe representing their values at the 
instant when their vectors 01 and OE are in the 
positions shown. 

If a circuit could have inductance only, the current 
would lag 90° behind the impressed e.m.f., as mentioned 
on p. 62 ; and this condition may be represented 
(Fig. 66) by a current vector 01 90° behind the e.m.f. 
vector OE. . 

If OE in Fig. 66 be produced backwards so that 
OEi=OE , Ohk will represent the counter e.m.f. in- 
duced in the circuit, this — in an imaginary circuit with 
inductance only — being equal and directly opposed to the 
impressed e.m.f. 

The student will probably wonder why a current 
flows in such a circuit when there are two equal and 
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opposite e.m.fs. present. Now it should be remembered 
that the counter e.m.f. Ei induced in the circuit is due 
entirely to the variation in the value of the current ; so 
that if there were no current, no e.m.f. would be induced. 
But as an e.m.f. is applied to the circuit, there must be a 
current; and as that circuit is inductive, there must be 
an e.m.f. induced in it The resistance and the capacity 



Fig. 63 — Vector Diagram Fig. 66. — Vector Diagram 

for a Circuit with He- for a Circuit with In- 

bistance only. ductanco only. 


of the circuit are here assumed to be negligible, con- 
sequently the impressed e.m.f. E is all absorbed in 
neutralising the induced Ei, i.e ., the two e.m.fs. 

must be equal and opposite, as shown in Fig. 66. 

This point rpay be understood more clearly from the 
mechanical analogy in Fig. 45. 

It is evident from one of the laws of motion — “ every 
action has an equal and opposite reaction ” — that the 
force exerted on the fingers (counter e.m.f.) by the rod R 
is exactly equal and opposite at all instants to the 
twisting force to which R is subjected (impressed 
e.m.f.), since we are assuming that there is no friction 
present. This is equivalent to saying that in an 
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alternating-current circuit possessing inductance only, 
the back e.m.f. induced in the circuit would be equal 
and opposite to the voltage applied. 

The above, by the way, is quite an imaginary state 
of things, since it would be impossible to have a practical 


cl: 


Fig. 67. — Circuit with Inductance and hardly any Resistance, 

circuit with inductance but without any resistance or 
capacity. Fig. 67 represents the nearest approach to a 
circuit with inductance only, the 
and the winding on the choking 
coil 0, being of extremely low 
resistance. 

If a circuit could have capa- 
city only, the current (represented 
by 01 in Fig. 68) would lead 90* 
in front of the impressed e.m.f. 

OE, as explained on p. 66. The 
discharge e.m.f. produced in the 
circuit by the capacity, otherwise 
termed the capacity e.m.f., can be 
represented by producing OE 
backwards so that OE c = OE. 

As regards this capacity e.m.f., 
let us refer back to Fig. 50. 

Here it should be evident that 
the force exerted on the fingers by R is exactly equal 
and opposite to that applied, since friction is assumed 
to be absent. 

In this case again, we have an imaginary condition 


leads to and from 



Fig, 68.— Vector Diagram 
for a Circuit with 
Capacity only. 
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of things, viz., a circuit with capacity but no resistance 
or inductance. A circuit closely approaching this is 
depicted in Fig. 69, where K is a condenser, the leads 
to and from which possess a very low resistance, and 
practically no inductance. 

The conditions represented in Figs. 66 and 68, are, 
as already stated, quite imaginary, for it is impossrble 
to have a practical circuit without resistance. In other 
words, the opposing e.m.f. of inductance or of capacity 
can never become quite equal to the original or impressed 




Fig. 69. — Circuit •with Capacity and hardly any Resistance or 
Inductance. 

e.m.f. in the circuit ; since there must always be a 
surplus of the latter to provide for the voltage drop in 
the resistance. The chief object of these examples 
(Figs. 66 and 68) is to show how vector diagrams can 
deal with such cases. 

Many further applications of vector diagrams will 
be given in succeeding sections. 

27. REACTANCE AND IMPEDANCE.-The resistance 
offered by a conductor to a steady flow of electricity is 
expressed in ohins ; and this value is the same whether 
the conductor be coiled up or stretched out, and is un- 
affected by the presence of neighbouring conductors. 
With a constantly-changing current, such as an alter- 
nating one, the apparent resistance offered to its flow 
is greater if the circuit conductor be coiled up than if it 
be straight; it is affected by the presence of neighbour- 
ing conductors, and also depends upon the frequency. 
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Even if the conductor be straight, there is something 
more than ordinary resistance in the circuit, especially 
if the conductor be very long, and if the frequency 
be great (§ 22). In short, Ohm’s simple law cannot 
be applied to alternating-current circuits. 

The additional or “extra resistance” in an alternating- 
current circuit is due to self-induction or to capacity, 
or to both ; and it is called reactance * 

The combined effect of the resistance and the 
reactance in a circuit, i.e t) the total opposition to the 
flow of an alternating current, is called the impedance 
of that circuit. 

The terms “ reactance” and “impedance ” must not 
be confused. It should be easy to remember that 
reactance refers only to the reactive effect in the circuit; 
in other words, the li extra opposition ” set up when 
the flow of electricity is not steady. Impedance , on 
the other hand, implies the “ total effect ” impeding the 
flow of an alternating current. 

As will be seen presently, values of resistance, 
reactance, and impedance are all expressed in ohms. 

28. INDUCTANCE AND ITS UNIT.-It is most im- 
portant to understand that, if saturation be neglected, 
the inductance of a circuit, or of any part of a circuit, 
such as a coil, is a constant quantity . Thus the induct- 
ance of a coil depends simply on the square of the 
number of turns on the coil and on the permeance t of 
the magnetic path through it (page 94). It follows 
that a coil on an iron core has far more inductance than 
one without. The inductance of any uncoiled portions 
of a circuit, such as the straight wires or cables, is 

* The meaning of the terms self-induction and inductance is 
explained in § 9. 

f The permeance of a magnetic path is a meaaure of its capability for 
conducting lines of force. (iVe Author’s Electric Lighting 'in d Pvtoer 
Distribution, Yol. I., Ssrenth Edition), 
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practically negligible, except in the case of long 
transmission lines. 

The inductance of any coil does not vary when 
different currents are sent through, it is the effect of 
the inductance which varies , the effect being the reactive 
induced , It is not usual to employ the latter 
term when dealing with continuous currents, but it is 
not incorrect to do bo. Consider the sparking which 
would take place at the contacts of a switch controlling 
any electromagnetic apparatus, when the circuit is opened. 
The apparatus, to start with, has a certain inductance 
depending entirely on its construction, t.e., on the 
quality and shape of its iron core and on the size, 
shape, and number of turns in its coil or winding. 
When the circuit, with a given current, is opened, the in- 
ductance will give rise to a certain e.m.f. of reactance, 
and the latter will be the cause of the sparking. With 
a greater or less current, the same inductance will give 
rise to greater or less reactive e.m.f. 

Reactive e.m.f. is set up in capacity circuits as well 
as in inductive circuits. In the latter case it is 
frequently referred to as inductive e.m.f., as will be 
noticed herein. 

The inductance of any given apparatus is a constant 
quantity so long as the permeance of its magnetic 
circuit remains unaltered; just as its resistance is a 
constant quantity if the temperature of the conductor 
be maintained at a steady value. Now the heat 
generated in a given coil depends primarily on its 
resistance, for if there were no resistance there would 
be no heat. The heat also depends upon the current 
that is passed through the coil. Thus the heating of a 
coil and the reactive volts induced in it are effects due 
primarily and respectively to the resistance and in- 
ductance of the coil ; the latter depending not only 
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on the coil but also on its core. But no heat or reactive 
e.m.f. will be generated unless a current is passed round 
the coil, and the amounts of either will depend upon 
the current. The generation of heat goes on constantly 
as long as any current (either continuous or alternating) 
is flowing. The generation of reactive e.m.f., however, 
is only constant in an alternating - current circuit. 
With a continuous current, the e.nt.f. of 
reactance is only produced at the moment 
that the current is started, stopped, in- 
creased, or diminished. 

The c.g.s. unit * of inductance, is the 
inductance of a loop of wire (such as that 
in Fig. 70) through which one magnetic 
line of force is set up when one c.g.s. unit 
of continuous current flows round the wire. 

Such a loop (in air) would have to be 
exceedingly small. 

The practical unit of inductance is the 
henry , and is equal to 1000 million (10*) 
c.g.s. units of inductance, f Thus a loop of wire possesses 
an inductance of 1 henry when a c.g.s. unit of con- 
tinuous current produces a flux of 10* magnetic lines 
iuside that loop. To get this relatively large amount 
of inductance with one turn, the loop would have to be 
made exceedingly large, even if it were wound round an 
iron core. 

It follows from the above that the flux produced 
when a current flows through an inductance is pro- 



Fig; 70. — The 
Inductance 
of a Loop or 
Single Turn 
of Wire. 


* One unit of a system bused on the centimetre, gramme, and 
second, as fundamentals ; the system being known as the C.G.S. 
System. 

f 10* means 1 with 9 noughts after it, 1,000.000,000. Similarly 
10*— 100,000,000 ; 10*= 1,000,000; and so on. The small figure » 
called the power index, and this system of index notation has the obvious 
advantage of brevity. 
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portional both to the current and to the inductance 
thus 

If inductance of a loop in henries, 

7 = continuous current round the loop in amperes, 
and F = flux produced inside that loop, 

F— L x 10®x ^ = Z/x 10 8 magnetic lines. (2) 

I is divided by 10 because one ampere = Ath of a 
c.g.s. unit of current. 

If the above flux F be set up or be decreased to zero 
in 1 second, then in either case 
the average e.m.f. induced = LI x 10 8 c.g.s. units, 

= £/ volts, ( 3 ) 

as one volt =10 8 c.g.s. units of e.m,f. 

The average value of the e.m.f. is taken because the 
e.m.f. varies between maximum and zero. 

If I be one ampere, and L be one henry, the average 
e.m.f. would be one volt; hence we have the following 
definition of a henry : — 

A circuit possesses an inductance of one henry if a 
variation (increase or decrease) in a continuous current 
by the amount of one ampere in one second induces an 
average e.m.f. of one volt in that circuit. 

In other words, an inductance of one henry will 
cause an average e.m.f. of one volt to be induced when 
one ampere of continuous current is started or stopped 
in one second; or when any continuous current already 
flowing is increased or decreased to the extent of one 
ampere in one second. The greater the inductance, the 
greater the e.m.f. set up when one ampere of current 
is started or stopped in the second, or when a current 
already flowing is increased or decreased by one ampere 
in that time. 

Next let us consider a coil, such as that shown in 
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Fig. 71, on which there are N turns; and let F be the 
flux or total number of magnetic lines produced inside 
the coil when a 
continuous cur- 
rent of I amperes 
is flowing round 
it. Now an 
average e.m.f. of 
one c.g.s. unit is 
set up by the 
cutting of one 
turn by 1 line in 
1 second; so that, 
through all the turns, and is set up or reduced to zero 
in one second, the average e.m.f. induced in each turn is 
F c.g.s units. Hence : — 

Total of the 

average e.m.fs. p »r 

induced in the whole coil - FN c.g.s. units = volts ( 4 ) 

as one volt^lO 8 c.g.s. units of e.m.f. 

If L stand for the inductance of this coil in henries, 
and if, as stated above, the continuous current 1 
amperes and the flux F due to it are set up or reduced 
to zero in one second, then from Formula 3, 

the average e.m.f. induced in the coil=Z/ volts ( 5 ) 



Fig. 71, —Magnetic Field of a .Solenoid. 


if, in the above coil, the flux F passes 


As (4) and (3) are both equal to the average e.m.f. 
induced in the coil, they are equal to each other, i.e. t 


Ll-[ 


F N 


10 8 ’ 

FJV 

= /x!0 8 


henries 


( 6 ) 


The above formula enables us to calculate the 
inductance of a solenoid or magnet by sending a known 
current round it and measuring the total flux set up. 
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Example.—// a current of 10 amperes flowing round 
a coil of 600 turns (on an iron core) produces a total flux 
of 100,000 lines inside, calculate the inductance of the coil . 
By Formula 6: — 


. iVF 600 x 100,000 , 

l= t^w= mew = ' w heary - 


As F=//xflux produced by one turn, if we sub- 
stitute this value of F in Formula 6, we get — 

r . IV 9 x flux produced by one turn 

L (in henries) =* JxW ' ^ 

This means that the inductance of a coil is proportional 
to the flux produced by one ampere of continuous current 
flowing round one turn, and to the square of the num- 
ber of turns with which that flux is linked. The flux 
produced by one turn is a measure of the permeance. 

28a. REACTANCE DUE TO INDUCTANCE.— The 
matter in § 28 relating to inductance and reactive 
e.ra.f. in a continuous-current circuit will help us to 
consider the effect of inductance in an alternating- 
current circuit. 

If /be the frequency of a circuit, and L its induct- 
ance in henries, the reactance will be 2 *fLohms,* 
Let us now see how this important expression is 
arrived at. 

During one complete cycle of an alternating-current, 
the magnetic flux in the inductive part of the circuit 
(say a choking coil with N series turns) increases from 
zero to its maximum value F in one direction; it then 
decreases to zero, then reaches its maximum value in 
the opposite direction, and afterwards decreases once 
more to zero. That is, during one cycle, the total change 
in the lines of force passing through the coil will be 

■* t (Greek, ^j) stande for the ratio of the circumference of any circle 
Vo ite diameter ; r=;3’H16. 
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4 F. Hence, iff be the frequency, the total change in 
the number of lines of force, during one second, will 
be 4 F /. 

Average e.m.f, induced in one turn=i^ volts, 
and total of the average e.m.fs. induced volts. 

It was stated on p. 79, that for a sine wave— 

Virtual e.m.f. induced = ^1 1 x average e.m.f. induced. 
Therefore, in the above case — 

Virtual e.m.f. induced = ^ v °lts. ( 8 ) 

Since F is the maximum value of the flux, it must 
be the flux produced by the maximum current 7 max> , and 
it follows from Formula 6 that the inductance of the 
choking coil or other inductive part of the circuit 

r NF 

I***, x 10 8 ' 

On p. 78 it was shown that a virtual current (of 
sine-wave form) could be translated into its maximum 
value by multiplying it by 1*41, which is J2, That 
is to say — 

1 (virtual amperes) X — 1^ 

Thus the inductance L in a circuit carrying /(virtual) 
t 

amperes is „ . (9) 

* 1J 2X10 8 V ' 

For a purpose to follow, we may rearrange above as 
under — 

NF=LI J2x 10 8 . 

Let us now consider the factor 4-4T in Formula 8. 
As wa 5 there seen, it was made up of 4 X I'll, 

J_ 

, IX. ’707 „ 2t 

and this equals: — 4x-^ s ^ or4x~~ or 

000 2 v * 
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Substituting these values for N F and 4‘44 in 
Formula 8 we get — 

Virtual reictiva e.m.f. (otherwise the 

e.m.f. necessary to overcome the react- 

ance due to inductance) _ LJ\J2x 10y 

~V2* 10 * * 

= 2irfLI volts. ( 10 ) 
This expression is otherwise termed the counter 
e.m.f. of reactance or the reactive drop (of volts) due to 
inductance (Fig. 72), or the inductive e.mf. ; and if we 
eliminate the current factor (/), what is left (2 vf L ) is 
the reactance due to inductance (Fig. 73). 

29. CONNECTION BETWEEN INDUCTANCE, RE- 
ACTANCE, IMPEDANCE, IMPRESSED VOLTS, AND 
VIRTUAL CURRENT. — We saw in § 27 that the reactance 
in an alternating-current circuit depends upon the in- 
ductance and capacity therein. 

In a circuit with negligible capacity, if L be the 
inductance, and / the frequency, the reactance will be 
2 xfL, as shown at the end of the previous section. 
Reactance, like resistance, is independent of the 
current; but the current must he taken into account 
when we wish to find the volts necessary to overcome 
either of these quantities. Thus, if / be any virtual 
current, RI denotes the volts necessary to force it 
through a resistance R. Similarly : — 

2*fLI will be the volts necessary to force the current 
1 through a reactance 2 vfL. (11) 

For example, if 7 = 60 amperes,/=80, and L —' 005 
henry, the counter e.m.f. of reactance (otherwise the 
reactive drop) will be 2x314x80x 005x60 = 151 . 
volts. 

It must be remembered, however, that wc cannot 
have a circuit with inductance only ; it must have some 
resistance. It seems to follow then that the total volts 
necessary to be impressed on the circuit will he equal 
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to the sum of the volts required to send the given 
current through the resistance, and the volts equal to 
the counter e.m.f. of reactance (i.e., LI). This, 

however, is not the case, owing to the fact that the e.m.f. 
required to overcome the inductance which causes the 
reactance is 90° in front of that required to overcome 
resistance. 

If 07 (Fig, 72) represents the direction of the current 
vector at a par- 
ticular instant, 
then the 6 mi. to 
be impressed on 
the resistance to 
give a current I 
is RI* and is in 
phase with 7, 
and can there- 
fore be repre- 
sented by 0.4 in 
Fig. 72. 01 

simply stands for the current, but not necessarily to 
scale, and it is drawn slightly longer than the length 
necessary for RI, i.e., OA. 

To send a current 7 through an inductance L only, 
would (by 10) require an impressed e.m.f. of 2 xf LI volts; 
but the current would lag behind that e.m.f. by 90°, so that 
the voltage to overcome inductance can be represented 
by OB, 90° in advance of OI. Complete the parallel- 



J RESISTANCE drop a 

Fig. 72.— Vector Diagram for a Circuit with 
Inductance and Resistance in Series. 


* The reader will probably ask himself here why the rector OA 
ihould not be 1-41 RI, eince I is the virtual current (§ 23), and since, 
in Fig. 63, the length of the rotating e.m.f. vector is made equal to the 
maximum value. The explanation is that if this course were adopted, 
then OB would be 2vfLx l *41 1, and the max. impressed voltage would bo 
1*41 + (2ir/X/). a In short, each side would be 1 -41 times as long 

as in Fig. 72. ilaking the lines represent virtual or r.m.s. values in- 
stead of maximum values simply means that the figure is smaller in the 
ratio of 1 to 1*41 : the relationship between the lengths of the lines 
remaining unaltered, and the calculations being greitiy simplified 
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ogram OAGB and draw the diagonal OC. The length 
of OGy on the same scale as OA and OB, represents the 
resultant impressed e.m.f. necessary to overcome both 
the resistance and the reactance due to inductance. 

Now OA C is a right-angled triangle, of which OC 
is the hypotenuse, i.e the side opposite the right angle. 
In such, the square of the hypotenuse is equal to the 
sum of the squares of the other two sides (by Eudid t 
I. 47). 

Thus : — 

O&zsOA'+A&^OA'+OB*, since 0B=AC. 

Hence : — 

OC- J0A*+0B\ 

That is 


Virtual impressed volts ( E)= +(2 rfLT)* 

=ijw+( ( 12 ) 


Now, as in Ohm’s simple law — 


and 


E~1R, 



we may write : — 

(Virtual', ( Virtual impressed) E 

jR‘ + (2*fiy (13) 

This may be termed the Ohm’s law for alternating 
currents, J R* +\2vfL)* being, in fact, the impedance 
of the circuit (page 89). 

The above may be written in words thus : — 

. Virtual current = . ^ r ^ ua '^ (13a) 

Impedance 

If, in a continuous-current circuit, we multiply 
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together the current and the resistance, the product 
will give the e.m.f. in the circuit ; or : — 

IxR~E. 

A similar result follows in an alternating-current 
circuit, for multiplying the virtual current by the 
impedance will give us the virtual e.m.f., i.e . : — 

(Virtual) /x (virtual) 

this being merely the foregoing equation (13) transposed 

It will be seen in 
Fig. 72 that in each 
of the three quan- 
tities —impressed 
volts, e.m.f. to over- 
come reactance (reac- 
tive drop), and that 
to overcome the re- 
sistance (resistance 
drop)— the quantity 0 resistance A 

r / Fifc. 73.— Impedance due to Imhictire 

I (virtual current) L Be»i.u»ee In Seri«. 

occurs. Obviously I, 

being a common factor, may be eliminated in each case; 
and the quantities will then respectively represent im- 
pedance, reactance, and resistance, as shown in Fig. 1 3. 

Thus : — 

Impedance* — resistance* + reactance *- 

i.e ., — 

Impedance - -^resistance 2 -f reactance*. ( 14 ) 

In Fig. 72, the angle AOC indicates the amount of 
the lag of the current behind the impressed voltage; 
and the same angle occurs in Fig. 73, where it will be 
seen that its magnitude depends upon the ratio of the 
reactance to the resistance, and is therefore independent 
of the current. Thus the greater the reactance as com- 
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pared with the resistance, the greater will be the angle 
of lag ; and vice versa. 

It should be noted here that in most cases where 
e.m.f., voltage, or current are spoken of, the virtual 
value is meant ; and that it is unnecessary to drag in 
the word virtual every time. Also, impressed e.m.f. 
or voltage merely means the volts giving rise to the 
current in a circuit. 

If 0* = angle of lag of current behind voltage, then, 
from Figs. 72 aud 73 

RI Jt resistance, 

coa 0- OC~j.sj 1$+ (2 T /2,)« - ViP+(2x/A) ,=s impedance l*®) 

It is important to note that the above relates to a 
series circuit. Thus if, in a series circuit, the resistance 
be divided by the impedance, the quotient will give the 
cosine of the angle of lag. i.e., of the phase differed ce. The 
cosine value itself# represents the power factor of the 
circuit (§ 44). 

The case of parallel circuits is dealt with in § 36. 

30. WORKING WITH VECTOR DIAGRAMS. — It 
should now be clear that a vector diagram enables one 
or more alternating-current quantities to be found 
from others which are known; and that working with 
such diagrams is a sort of electrical mensuration. 

It should be understood that— in practice— vector 
diagrams are drawn three or four times as large as 
they are shown herein. Also, that any given diagram 
may be drawn to any convenient scale. The larger 
the scale the easier it is to arrive at an accurate result. 


* <£ = Greek (pki), used for lag or lead rallies. Cos <f> signifies the 
cosine of any angle 0. The cosine of angle a (Fig. 19), for instance, is 

the ratio of the adjacent side BE to the hypotenuse BD , or The 

Bb 

cosine rallies of ntl whole-number angles may be obtained direct from 
the Table on p. 271. 
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Squared paper with inch and 0*1 in. squares is good 
for doing these “ vector wordings ” upoD ; and each *1 in. 
may represent a unit, or 2, or 5, or 10, or more 
units, according to the magnitude of the quantities 
and the size of the sheet. 

Consider a case, like Fig. 72, where two vectors are 
drawn to start with, and then the parallelogram. 

The first vectors having keen drawn, the parallelo- 
gram is described, and then the diagonal vector is drawn. 
The length of the latter is then measured off with a rule, 
and the value of the quantity it represents is calculated 
on the same scale as that to which the first vectors 
were drawn. 

Suppose, for example, that in Fig. 72 the values of 
the resistance drop and the reactive drop are 336 and 
252 volts respectively ; and that the size of the squared 
paper is 8 ins. by 6 ins. In such a case, a very suitable 
scale is that in which 1 inch represents 50 volts. Then 

OA is made = 6*72 ins. long, and OB is made 
252 

^ = 5’04 ins. long. The parallelogram OA CB being 

completed, the length of the diagonal — by measure- 
ment — is found to be 8'4 ins.; so that the impressed 
voltage is 8’4x50 = 420 volts. 

Had a scale of, say, 1 inch to 100 volts been chosen in 
the above example, the diagram would have been only 
half the size ; and the lengths of the lines could not have 
been measured as accurately as with the larger figure. 

Centimetre and millimetre scales are useful, the 
small divisions rendering them very suitable for 
accurate measurements. 

31. TO FIND THE NECESSARY INDUCTANCE FOB 
A CHOKING COIL. — Suppose we have a non-inductive 
resistance, such <s a group of forty SS-ampere glow 
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lamps in parallel, for which the supply pressure is too 
high. By means of an adaptation of the vector diagram 
in Fig. 72, we can ascertain the reactance and induct- 
ance which a choking coil must have in order to reduce 
the supply pressure to that required by the lamps, 
when it is connected in one of the leads. 

In Fig. 74, the line OA is first drawn proportional 
in length (to a convenient scale) to the voltage required 
across the lamps. At A , AC is drawn perpendicular 
to OA. Next, with 
centre 0, and radius 
equal to OC (represent- 
ing to scale the supply 
pressure), an arc is 
drawn cutting the per- 
pendicular from A at 
C. The parallelogram 
OA CB is then com- 
pleted. On comparing 
this figure with Fig- 
72, it is evident that 



Fig. 74.— V«ctor Diagram for 

Choking-Coil Circuit. 


OB stands for the p.d. at the choking-coil terminals, 
in other words, the reactive drop therein; it bemg 
assumed that the resistance of the choker is negligible. 
We thus get the following relation : — 

Supply pressu re 2 =* (lamps p.d.) 2 -f- (choker p.d.)*. 

If the supply pressure is, say, 240 volts at 60 
and the lamps are 200-volt ones, and the choker p.d, 
required is called x } 

Then : — 


240 s = 200HS 2 
ie. t x 2 = 240* — 200* 
X = ^240*^200* 
=» 133 voltfy 
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200V.. h 
Fig. 75 — Choking-Coil Circuit. 


The circuit may be diagrammatically represented as 
in Fig. 75, L being the group of lamps and G the 
choking coil. 

The reader may be puzzled to find that the choking 
coil p.d. is greater than, instead of being equal to, the 
difference between the circuit pressure and that required 
by the lamps. This, as explained in § 29, is owing to 
the fact that the e.m.f. induced in the choker lags 90* 
behind the volts 

absorbed in the ^ 240 n 

resistance (Fig. 66). 

The case taken 
is a simple one only, 
where the load (t.e., 
the lamps) has no 
inductance, and 
where the choker is 
assumed to have little or no resistance. Generally, 
however, the load, as with arc lamps, has considerable 
inductance ; and the resistance of the choker cannot 
always be neglected, so that the calculation is less 
simple. However, to proceed with the example, having 
found that the necessary choking p.d. is 133 volts, the 
next step is to find what inductance the coil must have. 

The current required by the lamps is 14 amperes. 
The reactive drop in the choker may then be calculated 
(from Formula 10) as follows: — 

* 133 = 2t/£/ 

= 2<r60£l4 
133 

Thus its inductance L=- — — — 

2tx60x 14 

= ’025 henry. 

Having found its inductance, the details of construc- 
tion of the choker, i.e., the shape and quality of its iron 
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core, and the size and number of turns of wire on it, 
are matters of electro- magnetic design, with which we 
are not concerned here. 

From Fig. 74, if desired, the angle of lag can be 
calculated thus : — 


OA 

OC 


M 200 ^ 
= cos 0 = 240 - 833. 


On a reference to a table of cosines it will be found 
that *833 is the equivalent of 33'5°, the latter therefore 
being the angle of lag. (See page 271.) 

As will be understood later (§ 4J), cos 0 is the 
power factor of the circuit. 

32. TO FIND THE IMPEDANCE OF A CIRCUIT 
WITH CAPACITY —As already stated (p. 89), the re- 
actance in a circuit may be due to inductance, or to 
capacity, or to both. 

Suppose a circuit to have capacity only, as in 
Fig 68. If K be the value of the capacity in farads * 
then for a frequency f, the reactance due to that 
capacity will be: — 

Reactance t ( 16 ) 

This quantity is sometimes termed the capacity - 
reactance , to distinguish it from 2 */£, which is some- 
times termed inductive-reactance. 

With a given capacity-reactance, the greater the 
current the greater will be the counter e.ro.f. or the 
reactive drop due to the capacity, this being otherwise 
called the capacity e,mf. 

Thus the voltage E necessary to send a current / 


* The farad is the unit of capacity, and 1 micro farad = -000001 farad. 
ate the Author'll Eledric Lighting and Power Distribution, Vol. I, 
f For derivation of Formal* 16 aud 17 set Appendix B 
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amperes at / frequency through a capacity K * will 
be : — 


E=. 


2%fK 


( 17 ) 


The above expression thus stands for the reactive 
e.m.f. or reactive drop due to the capacity reactance 
with a given current /; and it also represents the 
virtual e.m.f. necessary to send the current / through' 
the reactance. 

For example, if /=60 amperes, /=80, and 7T>=1000 


microfarads, the reactive drop will be - — — x — — 

4 F 2 x 3*14 x 80x 001 

= 119 volts; the capacity being expressed in terms of 
the farad — not in microfarads. 

In practice it is impossible to get a circuit with 
capacity 
only; it must 
have some 
resistance. 

In such a 
case, the ne- 
cessary volt- 
age, for the 
current is 
obtained by 

a lug V6C Fig. 76.— Vector Diagram for a Circuit -with 

tonally the Capacity and Resistance in Series. 

r e spective 

pressures required to overcome the capacity-reactance 
drop and the resistance drop. 

If the resistance of the circuit be R ohms, the re- 
sistance drop will be RI, and its value (CM) is scaled 



* ll the capacity be connected like Fig 69. the currant only 
apparently flows through it. The action of the alternating current in 
inch a circuit was explained in connection with Figs, 30 to 32. 

5 — (I.5101J 
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off on the current vector 01 in Fig. 76. Since the 
current in a pure capacity circuit is 90° in 'advance of 
the reactive drop, the vector OB for the latter will be 
90° be fund 01. 

Fig. 76 should be compared with Fig. 72. In the 
latter, OB is the reactive drop due to inductance, and 
is 90° in advance of the current. In Fig. 76, OB is the 
"reactive drop due to capacity, and it lags 90° behind 
the current. 

The parallelogram in Fig. 76 being completed, the 
diagonal OC represents the volts necessary for setting- 
up the current in the circuit. 

‘ As OC i =OA i + OB 2 (page 98), 

• m ‘Mi ;■)' 

required voltage (#)=^/( Rlf+ (' ^ ~ 

What we set out to do was to find the impedance of 
the circuit, and this is done by eliminating the current 
factor 1 from the above. 

Hence : — 


Impedance = 


vMs? 


rfK. 


( 19 ) 


= J (resistance) 2 ^ (capacity-reactance) 2 . 


Here again, as in the two previous examples (Figs. 
72 and 73), the power-factor (§ 44) and the angle of lag 
(or lead) can be calculated from the vector diagram. In 
Fig. 76, for example : — . 



resistance 

impedance. 


( 20 ) 
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In Formula 20, the impedance is due to resist- 
ance and capacity in series , whereas in Formula 15 
it is due to resistance and inductance in series, lu 
either case, however, the ratio of the resistance 
to the impedance gives us the important quantity 
cos 0, which is the power factor of the circuit (§ 44). 

With parallel circuits the case is different, as will be 
be seen in § 36. 

As will be found in the next section, impedance is 
expressed in ohms. 

33. TO FIND THE IMPEDANCE OF A CIRCUIT CON- 
TAINING INDUCTANCE, CAPACITY, AND RESIST- 
ANCE IN SERIES ; AND THE E.M.F. NECESSARY FOR 
SETTING-UP A GIVEN CURRENT THEREIN.— Fig. 77 
represents a circuit containing an inductance of L 



Fig. 77. — Circuit with Inductance, Capacity, and Resistance in Series. 


henries, a capacity of K farads, and a resistance of R 
ohms, all these being in series. It is required to find 
the e.m.f. E necessary for setting-up a current I at a 
frequency /in this circuit. 

The e.m.f. required to overcome the counter e.m.f. of 
reactance, otherwise the reactive drop due to induct- 
ance, is 2 rfLI (10) ; that for the counter e.m.f. of 
capacity, otherwise the reactive drop due to capacity 


is ^vfK an< ^ ^hat for the resistance is Hi. These 
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three values must be added vectorially, as shown in 
Fig. 78. 

OA is the voltage for the resistance, and is in phase 
with the current vector Of. The pressure to overcome 



Fig. 78. — Vector Diagram for a Circuit with Tndnctanee, 
Capacity, aoci Resistance in Series. 

the inductive e.m.f. is given by OB, 90° in advance of 
Of, whereas that required to overcome the capacity 
e.m.f. is denoted by OC, 90° behind 01. Consequently 
OB and 00 are in a straight line, and therefore tend to 
neutralize each other; and the resultant of the two is OD. 
That is to say : — 

OD (reactive drop)=: OB-OC, 



*inductir© e.m.f. - capacity e.m.f., 

(21) 

«>«nirebt (iuductiTe-reactauce - capacity-reactance). 
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It has been assumed in this example that the in- 
ductive e.m.f. is greater than the capacity e.m.f., this 
being usually the case. 

The parallelogram OAED (Fig. 78) is then drawn, 
and the impressed e.m.f. will be represented by the 
diagonal OE. 

Now OET^OA'+OB* 

Hence the necessary e.m.f. 

o e=! \ r ' + (M l -^kI < 22 > 

In §29 (on p. 99) it was shown that e.m.f. = 
impedance X current. Consequently, if we eliminate 
the current factor from both sides of the above equation 
we get: — 

Impedance = J S'+^/L-A^j (22a) 

= J (resistance/ + (reactance)*. 

The latter expression corresponds with Formula) 14 
and 19, and is thus true when the reactance is due to 
inductance, or to capacity, or to both; so long as the 
circuit is a series one . The case of parallel circuits is 
dealt with in § 3d, 

Example. — I f, in Fig. 77, i£= 2 ohms, L— 005 henry, 
£=1000 mfd, — 001 farad, and/=80. 

Impedance = . /2*+ (2tx80x-005 1 — 

r v V 2r X 80 x '001/ 


^ n/4 + (2*5l - 1 99/=s2 07 ohms. 



r io 
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Suppose 7=60 amperes, 

Then necessary e.m.f— GO x 2 07, 

~ 124 2 volts, 

= 124 volts practically. 

From an examination of Fig. 78, it will be seen that 
if OB is greater’ than OC, the diagonal OR lies above 
01, i.e the current lags behind the impressed e.m.f. If, 
on the contrary, OB is less than OC , OE will be below 
01, showing that in this case the current will lead in 
front of the e.m.f. Further, with given values of in- 
ductance and capacity, the amount of lag or lead will 
depend upon the resistance. Thus if, in Fig. 78, the 
resistance be increased, the angle EOA will become 
smaller, and the phase-difference or angle of lag between 
the current and the e.m.f. will be decreased. 

The particulars in Fig. 78 enable the power factor 
(§ 44), and the angle of lag (or lead) to be calculated, 


Thus : — 


' — cos < 1 > = 


Thus cos < 


Rl 


W*7(**z- * )' ‘ 


mpedance* 


(22b ) 


2-07 


= 1)66 = power factor of the circuit. 


In the Table on p. 271 it will be seen that 0 = 15°; 
and since the inductive-reactance is greater than the 
capacity -reactance, the current lags 15° behind the 
voltage. 

34. THE CONDENSER ACTION OF SOME ALTER 
NATING-CURRENT CIRCUITS— It was stated at the 
end of § 13 that every ordinary electric circuit 
possesses more or less capacity ; and it is important to 
note here that this capacity is usually in parallel with 
the circuit, not in series with it as in Figs, 30 to 32 
and 77. 

In Fig. 79, C is an electric cable laid direct m the 
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ground, or in a conduit ; the cable and ground (or 
conduit) then acting together like a condenser. The 
conductor forma one coating of the condenser, the 
insulation of the cable the dielectric, and the outer 
metal sheathing 
(if any), material 
of the conduit (if 
metal), or the 
Earth, form the 
other coating. 

This State of Fig. 79- — Condenser Action of a Cable, 

things may be 

diagrammatically represented as in Fig. 80, where we 
may imagine the conductor of the cn ble as joined at 
intervals to the coatings of condensers, the other 
coatings of which are connected with Earth. From 
this it is clear that the capacity is in parallel with 
the cable. 



If the cable has no metal sheathing, and if it be 
placed in a roomy conduit, the air surrounding it and 

EARTH alS ° the COn - 

| I | | duit (if non- 

— 1 — — I — -J — — 1 — metallic! 

CABLE INSULATION „ 

— | — form part of 

I 1 I the dielectric 

CABLE CONDUCTOR „ 

Fig. 80. — Condenser Action of a Cable. ^ 

aginary con- 
denser system ; and the capacity is then much less, 
as the “coatings M of the condenser are further apart. 


CABLE CONDUCTOR 


Suppose there are two cables (which may or may 
not form part of the same circuit) running side by side 
in a pipe or conduit, or in the ground, as represented in 
Fig. 81. We may then look upon the two cable con- 
ductors as the respective coatings of the condenser, and 


the two insulating coverings, etc., in between, as the 
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dielectric. The conception of the condenser action herd 
is not so easy as in the case of a single cable ; but it is 
made clearer in Fig. 82, which represents a section of 

what lies be- 

^ *1 -1 ~ - — E 3 tween the 

{ conductor of 

V ^ 1 ■ ■ • " "• ) a one cable 

Fig. 81. — OondenBcr Action of Adjacent Cables. and that of 

the other. 

The greater the length of the cables, and the closer 
together or to Earth they are, the greater their capacity. 
As a rule, armoured cables have greater capacity than 
unarmoured ones; and the capacity of unarmoured 
cables is increased when they are placed in iron con- 
duits. The capacity of underground armoured mains 
varies from - 3 to 4 6 microfarads per mile. It depends 


INSULATION 

EARTH 
OR AIR 



CONDUCTOR 

CABLE 
SHEATHING 
OR PIPE 


DUCTOR 


Fig. 82.— Condenser Action of Adjacent Cable*. 


somewhat upon their size and construction, and is 
reduced by employing paper instead of indiarubber as 
the dielectric. 

In some paper-insulated cables, for telephone work, 
the paper is usually wrapped comparatively loosely 
round the conductor, a certain amount of air being 
thereby imprisoned in the folds. The object of this 
construction is to reduce the condenser effect. 

35. EFFECT OF CAPACITY IN TEE CIRCUIT — 
As has already been shown by mechanical analogies 
and vector diagrams, the effect of capacity in an alter- 
nating-current circuit is exactly opposite to that of 
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inductance, for it assists or tends to assist the current 
to rise to its maximum value sooner than it would 
otherwise do, whereas inductance retards or tends to retard 
the current (§ 9). The capacity phenomenon is the same 
whether the capacity is in series or in parallel with the 
circuit, but the numerical results differ, (jS'ee § § 33 and 36.) 

In Fig. 83, A is an alternator, the mains from which 
run for a long 


distance side 
by side, and 
feed a number 
of t r a n s- 
formers, etc. 
For conveni- 
ence, we place 
the t r a n s- 


M 


M 


M 


M' NT 


IT 


T , 

IX 


Fig. 88. —Capacity in a Circuit, 


formers, T T, at the far end of the circuit, and think 
of the condenser effect of the first portion. The 
alternator is constantly pumping electricity backwards 
and forwards between the mains M M M and if if if, 
and these may be looked upon as the opposite coatings 
of a condenser. Let us suppose the alternator first 
pumps from if to if; electricity will be heaped up, so 
to speak, on if', and a deficit left on M, if being + and 
if-. Now, neglecting for the moment the far end 
of the circuit, suppose the alternator were suddenly 
stopped : there would then be a momentary return flow 
of electricity from if to if through the alternator; in 
other words, the condenser would discharge itself. If 
the alternator goes on working, however, it is obvious 
that the electricity heaped up on if helps or increases 
the flow when the alternator begins to pump from if' 
to if M then becomes + and Jf - , and when the 
alternator again reverses its e.m.f,, the *f charge on if 
flows across to M\ and helps tKe ordinary current. 
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This auxiliary current, if we may so call it, is generally 
termed the condenser current , and is clearly greater 
the greater the capacity of the mains. In the above 
explanation we have to suppose that the alternator is 
pumping to and fro very slowly, whereas in reality the 
reversals of e.m.f. really take place many times a 
second (§ 7). 

When the “ go ” and “ return ,f mains do not run side 
by side, the condenser action may be pictured as 
follows: Suppose the alternator to pump from left to 
right (Fig. 84), a surplus is heaped-up on the right-hand 



Fip. 84. — Capacity of Cables. 

cable, and a deficit created in the left-hand one ; influ- 
ence or electrostatic induction takes place, and — and 
+ charges respectively are influenced (or induced) on 
the outsides of the cables, a9 shown by the signs. If 
the alternator e.m.f. suddenly stopped, there would be a 
momentary current from right to left through the 
alternator. It is clear, therefore, that when the alter- 
nator reverses its e.m.f., there will be a greater trans- 
ference of electricity (from right to left) than there was 
when the alternator first started and pumped from left 
to right. The left-hand cable will then become -fly 
charged, and the right-hand one — ly charged, and the 
discharge will help the alternator when it again reverses 
its e.m.f. 

36. TO FIND THE RESULTANT CURRENT (AND 
WHETHER IT LAGS OR LEADS) IN A CIRCUIT CON- 
TAINING RESISTANCE, CAPACITY, AND INDUCTANCE 
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IN PARALLEL. — Consider an alternator circuit contain- 
ing resistance i?, capacity A, and inductance L in parallel, 
as in Fig. 85 : the voltage of the alternator being E and 
its frequency /. 

The currents through the three portions of the 

E 

circuit are as follows — that (Ir) through R is — , and is 
in phase with the voltage ; that (I#) in the condenser 



Fig. 85. — Resistance, Capacity, and Inductance in Parallel, 


is Ex2vfK (from Formula 17, p. 105), and is 90° in 
advance of the impressed e.m f.; whilst that (IE) through 

L is {from Formula 10, p. 96), and lags 90° be- 
hind the applied voltage. 

These currents can be represented by a vector 
diagram, as in Fig. 86. OA is the current through the 
resistance and is in phase with the impressed voltage 
OE ; OB represents the capacity current leading 90° 
front of the impressed e.m f, ; and OO the current 
in the inductance, lagging 90° behind the impressed 
e.mi. 

In this figure it is assumed that /z is greater than 
I K ; and OD is made equal to //, -/*•, which is their 
resultant. Completing the parallelogram OAFD ) we 
get the diagonal OF representing the current I which 
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has actually to be supplied by the alternator, and which 
lags behind the impressed e.m.f. by the angle FQA. 
From Fig. 86 we have : — 

Resultant current I=OF , 

= JOA*+AF*= JOA*+OD\ 

= JOA*+(OC-OBY, 

- -Jh'+ih-h?- ' ( 23 ) 

Also, if (p be the phase angle between the current 
and the voltage — 

cos (f> —cos FOA t 
= OAJj 

OF I' ( 24 ) 


*thus gives the power factor of the circuit (§ 44). 


It is evident from Fig. 86 that the current will lag 

B 



Fig. 86.— Vector Diagram of Currents in Fig. 85. 


behind or kad in front of the voltage according as 00 
is greater or less than OB ; i.e., if (II — Ik) is positive, 
the current lags; whereas if (Il-Ik) is negative, the 
current leads. 

The differences between the vector diagrams for 
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series (Fig. 78) and for parallel (Pig. 86) circuits should 
be carefully noted. In the former diagram, we start 
with the vector that is common to every part of the 
circuit, namely, the current vector 01 ; the voltage 
vectors are then drawn in their respective directions 
relative to this vector, as already described. In the case 
of parallel circuits, however, it is the voltage that is the 
same for each circuit., hence in Fig. 86, we start with 
the voltage vector OE, and the vectors representing the 
currents in the different circuits are drawn at their 
proper angles with OE. 

It is very important to notice that for series circuits 
(pages 100, 106, and 110), 

, _ resistance 

C0S * impedance’ ( 25 ) 


whereas, for parallel circuits, as in the present case, 

, * current; through resistance circuit . 

total cnrrent ' (26A) 


And cos d is the power factor (§ 44). 


To proceed with the example, Figs. 85 and 86, if 
R y K, and L are arranged in the order shown in Fig. 
85, the current in the two parts zz of the circuit is 
represented by 00 in Fig. 86, while that in yy is OD, 
i.e., the resultant of 00 and OB. The current in xx is 
the same as that in the alternator, namely that repre- 
sented by OF. 

It should be clear from Fig. 86 that should I R be 
small, and I L large, the current l L at the end of the 
circuit remote from the alternator, i.e., zz in Fig. 85, 
would probably be greater than that (I) through the 
alternator itself and through the first part xx of the 
circuit. This effect is of importance when we are con- 
sidering the best place to install an apparatus to neutralize 
the effect of inductance in a distributing system. 
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An examination of ^ig. 86 will also make it evident 
that if the capacity and the inductive currents are the 
same, x.e,, if Ik—Il, the resultant current OF will 
be equal to I R , and will be in phase with the voltage. 
In other words, the capacity and inductance will 
neutralize each other’s effect. 

For the purpose of reducing the effect of excessive 
inductance in working circuits, condensers, or machines 
(such as over excited synchronous motors) which act 
like condensers, are sometimes put in parallel with the 
inductive load. This matter is further explained in § 44. 

Example. — A resistance of 100 ohms, an inductance oj 
05 henry , and a capacity oj 60 microfarads are con- 
nected ' in 'parallel across 600-uoft mains working at a 
frequency of 40. Calcidate the current in each circuit , 
and the total current taken from the mains. Also find the 
phase difference between the total current and the applied 
voltage , and whether the current leads or lags. 

Assume that the above circuits are arranged exactly 
as those in Fig. 85. 


600 r 

= ioT 6amp3 - 


Then, current through resistance—/ 

E 

if 

Current through inductive circuit = /z., 
E 600 
2*jL 2«rx40x , 5~ 


_=4*76 amps. 


Current through capacity circuit -Ik % 

= 2*fKE=2* x 40 x *00005 x 600=7*54 amps. 


From Formula 23, we have: — 

Resultant current=V/* 2 +(/z: — I K f y 

- v/(6) ! +(4’76-7 : 5i^ 
= 6*6 amps. 
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Again, from Formula 24, 
co? (p 



(p— 24‘5 a (See Table of Cosine*, p. 271.) 

As / £ ~/ Ar =:4 , 76 — 7*54 = -2-78; i.e ., as (//.-/a-) is 
negative, the current leads in front of the voltage by 
24'5°. 

The power factor of the circuit is *91 (§ 44). 

37, EFFECTS OF A N ALTERNATING CURRENT ON 
THE INSULATION OF A CIRCUIT.— In a conductor 
carrying an alternating current at a given virtual volt- 
age, there is a greater tendency for the electricity to leak 
through or break down the insulation than in the case 
of a continuous current at the sa trite voltage. The 
reasons for this are that in the first case the current 
is moving rapidly backwards and forwards, and that 
the maximum value of the impressed e.m.f. is T41 times 
its virtual value (p. 78); while in the latter case it is 
flowing steadily in one direction, and the e.m.f. is also 
steady. Thus, to send a continuous current of 30 
amperes through 10 ohms would require a voltage of 
300 ; and the voltage would remain steady at this value. 
With alternating current, the virtual voltage would be 
300, so that the actual voltage would vary between 0 
and a maximum of 423 volts on either side of zero. 

The insulation of the alternating-current circuit 
would thus — roughly speaking and (considering the effect 
of voltage only) — have to be 1| times as good as that of 
the continuous-current circuit; for the maximum voltage 
in it would be nearly 1J times as great. 

There is also another difference as regards the effect 
on the dielectric or insulation when alternating voltage 
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is used. In Fig. 87 is given a section of a cable con- 
ductor, its insulation, and the surrounding sheathing, 
pipe, or Earth. Let the conductor be carrying a steady 
continuous current, and suppose that particular portion 
of it under consideration to be at a higher potential 
than the Earth;* it will then have a steady -{-charge, 
Influence (electrostatic induction) will take place, and 
a — charge will be induced on the inner surface of the 
metallic sheathing of the cable, or other surroundings, 
the system acting like a condenser. A stress will con- 
sequently be set up in the insulation, due to the- fact 



Fig, 87. — Electrification of Conductor Dielectric, 


that these charges will mutually attract each other. 
With an alternating voltage, the charges will be con- 
stantly alternating in sign, so that the stress in the 
insulation will be reversing at the same rate. The 
insulating material, in consequence, becomes fatigued , 
and will be less effective than if the pressure were 
steady, as with continuous current. If break down tests 
were applied to similar samples of cable, with alter- 
nating and continuous voltages respectively, it would be 
found that the insulation would fail sooner in the first 
case. A break-down dielectric test is one in which a 
high and gradually increasing pressure is applied until 
the dielectric is actually pierced by a spark. 

The dielectric -fatigue effect just mentioned is very 

•Though there iB a gradual fall of pressure or potential along a con- 
ductor carrying a continuous current, there is almost always bound to 
be a p.d, between nearly erery part of the conductor and the Earth, 
the conductor being either +ly or -ly charged with respect to the 
Earth. 
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similar to the phenomenon which occurs with metals 
when they are subjected to alternate tension and com- 
pression. It is well known that under such conditions, 
a steel rod (for example) will break at a far smaller load 
than it would if the load were kept steady either as 
tension or compression. 

An alternating stress in an insulating material is 
accompanied by a small loss of power. The dielectric 
in fact offers a certain opposition to the setting-up of 
alternating charges. This is known as dielectric 
hysteresis , and is somewhat analogous to magnetic 
hysteresis. 

From the foregoing it will be seen that the insula- 
tion of an alternating-current circuit is subjected to 
more severe stresses than that of a continuous-current 
circuit working at the same voltage: firstly, because 
the maximum voltage is higher ; and secondly, because 
of dielectric fatigue. 


CHAPTER II.— QUESTIONS 

In 1 znsirering these Questions , give Sketches wherever possible. 

Noth. — Questions marker! * nnge slightly beyond the subject-matter of 
this Book. Those marked f can only be partly answered therefrom. 


1. What effects are produced by passing a current through 
a coil of wire in which a solid iron core is placed, and would 
the effect be the same with direct as with alternating current? 
(Wimneris, Grade I., 1914.) 

2. What are the causes of loss of power in a three-phase 
cable t Would you use a three-core steel-armoured cable in 
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preference to three single-core steel armoured cables, the 
cores of each cable having the same section ! In which system 
would you expect to get the greater loss 1 In what respect 
does the core of au extra high tension cable differ from that 
of a low tension cable ! ( Ord A.C, , 1910.) 

f3. What is the object of armouring cables! Why must 
all the conductors of an alternating-current circuit lie within 
the same armouring! (Grade II., A.C., 1913.) 

4. Is there any objection to using steel conduit or piping 
on an installation supplied with alternating current, and does 
it matter how many conductors are run in one pipe! (Wire 
men's , Grade 1914.) 

5. IIow does the presence of self-induction in any circuit 
alTect an alternating current therein (a) when the current is 
of low frequency ; (&) when the current is of very high fre- 
quency ; (c) when the circuit is one in which a condenser has 
been interposed? (Ord., A.C. , 1908.) 

6. Describe what is meant by “ skin effect/' (A.M.LE.E. 
Emm., 1914.) 

|7. Show that if for anv reason a current does not distri- 
bute itself with equal density through the cross-section of a 
conductor of given material, the energy lost by heat in that 
conductor will be greater than would be the case if the current 
density were uniform all over the cross-section. Also show 
why with high-frequencies the resistance offered by a cylin- 
drical conductor is greater than that offered by the same 
conductor to an equal current of lower frequency. (Ord., 
A.C. , 1909.) 

8. If the form of the wave-curve of an alternating electro- 
motive force be given, show how to find, by a graphic con- 
struction, the virtual (root-mean-square) value of the electro- 
motive force. (Ord., A.C. , 1909.) 

9. What is the meaning of the term “ torn factor/ 5 as 
applied to an alternating quantity ? Suppose an alternating 
current to have the following successive values at successive 
equal intervals during one period, beginning from zero : — 3, 4, 
4-5, 5-5, 8, 10, 6, 0,-3, -4, -4 5, - 5*5, -8, -10, -6,0. 
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Find the root-mean-square (or “ virtual ") value, and find also 
the form-factor. In what conditions is the form-factor equal 
to Ml? (Ord.,A.C. t 1910.) 

Ans. R.M.S. value = 5*67 : form-factor = 1T05. 

10. Explain how electrical quantities, which are varying 
periodically, and their relations can be represented by vector 
diagrams. ( Grade II., A.C. , 1913.) 

fll. What is meant by. the wave form of an alternating 
current ? Show how such forms are represented graphically 
(a) by rectangular co-ordinates, ( b ) by polar co-ordinates. 
Draw, both as rectangular and polar curves, the form of the 
electromotive-force wave generated by a circular coil rotating 
about a diameter that is at right-angles to a uniform magnetic 
field. ( Ord ., A.C., 1908.) 

f 1 2. What is the “co-efficient of self-induction'* of a 
coil ? Au iron magnetic circuit has a mean length of path of 
50 centimetres and a cross section of 20 square centimetres. 
It is wound with 200 turns of wire. Find the total flux in 
the magnetic circuit when the ceil carries a current of 1 
ampere. Neglecting the resistance, find the voltage which 
must be applied to the terminals to make the current rise 
at the rate of 2 amperes per second. Take the permeability 
of the iron as constant at 2000 c.g.s. units. (Grade II., A.C,, 
1914.) 

Auxi li a ry Noth. — A mpere- turns = 

mean length of magnetic circuit (cms.) x total flux through coil. 

® * permeability x cross-section of magnetic circuit (sq. cms.). 

Hence total flux can be determined. 

The mdqctaace is then calculated by Formula 6. 

According to Formula 5. if the current is varied at the rate of I 
amperes per second, 

Average e.m. f. induced —LI volts. 

Hence this will be the voltage to be applied to the coil to cause the 
current to rise at the rate of I amperes per second. 

Ans. 2 x 10* lines ; '8 volts. 

13. In an inductive circuit with inductance L and resist- 
ance R , determine the relation between current and potential 
difference when the circuit is carrying an alternating current 



124 Alternating-Current Work [chap. n. 

of / cycles per second. Find also the phase difference between 
current and potenti&l difference for such a circuit. ( Grade 
II., A. G, 1913.) 

14. An electromotive force of 100 volts, virtual value, is 
impressed on a circuit consisting of a resistance of 5 ohms in 
series with an inductance of 0 01 henry. State current and 
power factor. The frequency is 50 cycles per second. (Orff., 
A.C., 1911.) 

Ans. 17 amps.; p.f. = ‘85. 

15. Calculate the current in an inductive circuit supplied 
at 200 volts 50 periods, when the resistance is 10 ohms and 
the inductance 0*02 henry. (WiremerCs Final, 1914.) 

Ans. 17 amps. 

Ij6. A sine wave alternating current of 15 amperes at 
50 frequency flows through a coil, which has a resistance of 
3 ohms and an inductance of 0 313 henry. Draw vectors to 
represent this current, the voltage drops in the resistance 
and inductance, and the impressed terminal voltage. ( Grade 
II., A.C. , 1914.) 

Ans. 45 volts, 1475 volts, 1476 impressed volts. 

17. Explain the effect of applying to the terminals of a 
condenser, the resistance of which is many megohms, an 
alternating electromotive force. What electromotive force 
will be required to drive 10 virtual amperes through a circuit 
containing a condenser of which the resistance is 1200 
megohms, and its capacity 22 microfarads, the frequency of 
supply being 80 periods per second. {Ord., A.C. , 1908.) 

Ans . 905 volts, 

18. An alternating potential difference of 2000 volts at 
50 frequency is applied to test a cable of 14 microfarads 
capacity through a resistance of 110 ohms. Find the current, 
which will be taken from the supply, and the phase difference 
between the current and the impressed potential difference. 

(Grade II., A.C. t 1914 .) 

Ans. 7 '9 amps, and 64'. 

fl9. Explain the terms : reactance, power factor, hysteresis, 
impedance. (A.M.I.E.E. Emm., 1914.) 
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20. Give the physical fnon-mathematical) reasons why a 
condenser produces a lead, and why a self-induction produces 
a lag, in an alternating current, At what frequency will a 
capacity of 1 microfarad, and a self-induction of 1 henry 
exactly annul one another’s effects ? ( Ord A.G. , 1910.) 

Ans. 159. 

21. A coil, having an inductance of 0*08 henry and a 
resistance of 2 ohms, is connected in series with a capacity of 
30 microfarads. A potential difference of 50 volts is applied 
to this circuit and the frequency is varied. It is found that 
for one value of the frequency the current through the circuit 
reaches a maximum. Calculate this frequency, and find the 
potential difference between the terminals of the condenser. 
(Grade II., A.C., 1913.) 

Ans. 103 and 1290 volts. 

22. A resistance of 100 ohms, an inductance of 2 henries, 
and a capacity of 1 '25 microfarads, are all put in series between 
the terminals of an alternating supply of a frequency of 80 
periods per second, at an electromotive force of 1000 volt 3 
(virtual, or r.m.s. volts). Find the current and the power- 
factor, also the voltage across the terminals of the capacity and 
that across the terminals of the inductance. ( Ord ., A.C. } 1909.) 

Ans. 1’68 amps., *168 p.f., 2680 volts, 1690 volts across 
inductance. 

*23. Explain what is meant by “Electrical Resonance.” 
If a capacity of 10 microfarads is placed in series with a 
choking coil and the whole circuit supplied with current at a 
frequency of 50 cycles per second, what value of inductance 
of the choking coil will give resonance? ( Ord. t A.C., 1911.) 

Ans. 1*015 henries. 

AUXILIARY Note. — The physical meaning of resonance has been 
explained in § 18. The actual condition for electrical resonance to occur 
ia that the inductive reactance should equal the capacity reactance, i.s., 

tilt2 */i= 2 ±fg. Transposing, we = 

The value - — -== is known as the natural frequency of the circuit, 
2 t sJLK 

and resonance takes place if the frequency of the applied voltage coincides 
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with the natural frequency. In the above question, f and K are known 
and L has to be determined. 

24. Give an instance of the circumstances in which re- 
sonance may arise at some point of a three-phase supply system, 
and explain the cause of such resonance. (A.M.LE.E. Exam., 
1914.) 

25. A certain choking coil of negligible resistance takes a 
current of 8 amperes if supplied at 100 volts, at 50 periods 
per second. A certain non-inductive resistance, under the 
same conditions, carries 10 amperes. If the two are trans- 
ferred to a supply system working at 150 volts, at 40 periods 
per second, what total current will they take (a) if joined in 
series ; (b) if joined in parallel ? ( Ord ., A.C., 1908.) 

Ans . (a) 10*6 amps. ; ( b ) 21*2 amps. 

26. Between two terminals, with a potential difference of 
2000 virtual volts at 50 frequency, are connected in parallel 
a resistance of 400 ohms, an inductance of 1 henry, and a 
capacity of 10 3 microfarads. Give the current in each of the 
circuits and the total current taken from the terminals and 
its power factor. Illustrate your answer by a vector diagram- 
(i Grade II., A.C., 1912.) 

Aj is. / s “5 amps., I L m 6 37 amps., 7*. = 6*47 amps., 
7=5001 (say, 5) amps., p.f. = *9998 (say, 1). 

27. Between two terminals with a potential difference of 
1000 virtual volts at 50 frequency are connected in parallel a 
resistance of 200 ohms, an inductance of 0'5 henry, and a 
capacity of 20*6 microfarads. Give the current in each of 
these circuits, and the total current taken from the terminals 
and its power factor Illustrate your answer by a vector 
diagram. (Ord., A.C . , 1911.) 

Ans. I B = 5 amps., I L - 6 37 amps., I K ~ 6*47 amps., 7=5 
amps., p.f. *= 1. 

*28. A circuit, having a resistance of 200 ohms and a co- 
efficient of self-induction of 1 henry in series, is connected 
across the terminals of a 10,000-volt alternating supply. A 
capacity of 6 microfarads is also connected across the same 
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terminals. State the total current from the supply at a 
frequency of 50 periods per second. (Ord., A.C., 1910.) 

Ans. 14-9 amps. 

Auxiliary Note.— T he simplest method to work out this exercise is 
first to calculate the current and the phase displacement for each circuit. 
A vector diagram is then drawn, as in Fig. 87 a, to represent these 


E 



quantities to scale. Thus, OA is the current in the inductive circuit, 
lagging fa degrees behind the impressed volts OE, fa being determined 
by Formula 15 ; and OB is the capacity current leading 90* in front of 
OE. The resultant current is given by the diagonal OC obtained by 
completing the parallelogram OACB. 

The phase difference <p between the total current and the impressed 
voltage is obtained by measuring the angle COE in Fig. 87a. 

[It should be noted that Fig, 87a has not been drawn to scale.] 

*29. An alternating electromotive force of 3000 volts (vir- 
tual or r.m.s. volts), of a frequency of 50 periods per second, is 
maintained between two supply terminals. The electromotive 
force follows a simple sine-curve. The terminals are con- 
nected by two circuits, one containing a resistance of 200 ohms 
in series with an inductance of 0 5 henry, the other a capacity 
of 5 microfarads but no resistance. Determine the total 
current taken from supply terminals and the power factor of 
the united circuit. (Ord., A.C . , 1909.) 

Ans, 9*62 amps, and '96 p.f. 



CHAPTER III. 


POWER, POLYPHASE CURRENTS, 
ETC. 

38.— POWER IN ALTERNATING-CURRENT CIR- 
CUITS. — The power in a continuous-current circuit is 
obtained simply by multiplying together the pressure 
and the current. If the circuit has no back e.m.f. in it, 
the power therein may also be obtained by multiplying 
together the square of the current and the resistance. 
The product in either case represents watts.* 

It might be thought that by taking the product of 
the volts and amperes in an alternating-current circuit, 
we should also obtain the actual power developed, 
Such would be true in a sense; hut the product would 
only represent real power when the current was in 
phase with the e.m.f. In any case, the product would 
give the volt-amperes or apparent power or apparent 
watts. 

The phase difference or angle of lag or lead (§§ 20 
and 36) has to be taken into account in an alternating- 
current circuit ; and the greater this is, the less is the 
real power developed with a given pressure and current. 
In fact, if the phase difference be very great, i.e. } if 
there be a large amount of either inductance or capacity 
in a circuit of comparatively low resistance, the current 
will be largely reactive, or in other words, more or less 
wattless . The real power will then be far less than the 
apparent power. 

* The watt is a unit ot power or rate of doing work. See the 
Author’ll Electric Circuit Theory and Calculation!. 



Wattless Current 


129 


§ 38 .] 

The idea of a wattless current, i.e., a current with 
little or no power in it, is difficult to grasp. If there be 
any current at all, it is not easy to understand why it 
cannot do some useful work. But when it is remembered 
that a flow of electricity — as of water — must have 
pressure behind it to enable it to do work, and when 
we are dealing with alternating pressure and flow, and 
can conceive that they may be more or less out of step 
with each other, comprehension becomes fairly simple. 

The following analogy affords a rough but useful 
explanation. Let PP (Fig, 88) represent a pipe filled 
with water (or a conductor forming a closed circuit), 
and W, W v W 2> and W v water-wheels to which an 
alternating movement may be given by means of the 
handles h , h, h> h. These water-wheels are to be re- 
garded as alternators, and when we are considering any 
one of them, the other three are supposed to be absent. 
Let IF IF be a fifth water-wheel, to which a reciprocat- 
ing motion is imparted by the to-and-fro movement of 
the water in the pipe. The motion of water in the 
lower part of the pipe-circuit may be considered as 
analogous to “active current," or current with power 
in it; and the consequent movement given to WW as 
analogous to the real power. 

We will first consider a case where there is no phase 
difference— that is, when the watermotive-force of W 
acts directly in tine with the circuit, as indicated by the 
dotted line. These conditions represent the e.m.f. of W 
acting with best effect upon the electricity (or water) 
in the circuit; and the current (or motion given to the 
water by IF) acts with beet effect in operating WW. 
Then the volt-amperes (t.e., e.m.f. x current) will also 
represent the real watts (actual power given to WW). 

To illustrate the effect of a small phase difference, 
we will next consider the water-wheel as placed slightly 
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skew with the circuit, as at ; the angle of lag (or 
lead) being represented by the angle a between the two 
lines. Suppose the frequency (rate of reversal) and 
e.m.f. of W l to be the same as in the first case (W ) ; the 
current or actual movement of electricity (water) im- 
mediately about W 1 will also be the same. But as part 
of the pressure will be uselessly employed in driving 
the water against the 
sides of the pipe, the 
repelling effect of which 
may be looked upon as 
analogous to the counter 
e.m.f. of reactance ; the 
pressure and the current 
about WW (the product 
of which is the real 
power) will he less than 
those generated at W v 
The backwash from the 
sides of the pipe is thus 
analogous to reactive or 
wattless current. 

If there be a still greater phase difference, as at 
W 8 , though the e.m.f., current, and therefore also the 
volt-amperes given out be the same as in the first case 
(IF), the actual or real power at WW will be still 
further lessened. • 

If the phase difference be 90 °, as at IF 3 , where the 
water-wheel is placed at right angles with its most 
effective position, we may suppose that the current 
will be wholly reactive or wattless, ic., that there will 
be no real power developed, and consequently no 
movement of WW. In practice, however, the phase 
difference can never become so great as this. 

As already stated, the above analogy is a very 



Fig. 88. — Hydraulic Analogy of a 
Wattless-Current Circoit. 
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rough one; but it will aerve its purpose if it helps the 
reader to understand that a given number of volts and 
amperes in an alternating-current circuit may repre- 
sent, under different conditions, different amounts of 
real power. 

39. POWER IN ALTERNATING-CURRENT CIRCUITS 

(cont .). — For further analogies showing the effect of 
the phase difference between the current and the voltage 
upon the actual power, let us reconsider some of the 
mechanical devices used in the earlier part of the 
book. 

In Fig. 44, representing a circuit with resistance 
only, the direction in which V is moving (current) 
corresponds at every instant with the direction of the 
alternating twist (e.mrf.) applied at R; it being assumed 
that the device (circuit) has absolutely no momentum 
(inductance) or elasticity (capacity). The current is 
then in phase with the e.m.f. When the twisting force 
is stopped, the vane immediately stops also, or would 
do so if it really had no momentum. In other words, 
after the e.m.f. has been removed from a circuit with 
resistance only, there is no tendency for the current to 
“persist” or keep on. If it did do so, it would give 
back some of the energy absorbed. 

It is necessary in some of the following arguments 
to assume that the e.m.f. (twisting force) is stopped 
without opening the circuit. Opening the circuit im- 
mediately increases its resistance enormously, and is 
equivalent to suddenly pinching or clamping the rod R 
between the fingers in order to stop its movement. 

In Fig. 45, when the twisting force is in one direc- 
tion only (continuous or direct e.m.f.), if that, force be 
stopped (without opening the circuit), the mass L tends 
to continue its rotation in the direction in which it 
happens to be moving, just as a top spins. But as it is 
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impossible to devise any moving system (or electrical 
circuit, including the source of e.m.f,) entirely devoid 
of friction (resistance), the continued movement of L 
(inductive current) is eventually subdued ; the energy 
stored in L (inductive e.m.f. and current) being gradu- 
ally transformed into heat. If the e.m.f. be cut off by 
opening the circuit (suddenly clamping R ), it will be 
found impossible to stop it immediately. This is the 
equivalent of the inductive spark at the break in the 
circuit. 

When R is subjected to an alternating twist (Fig. 
45), the mass L will be alternately absorbing and giving 
out energy ; and assuming that there was no friction 
loss (no resistance in the circuit), the energy absorbed 
would be equal to that given out, so that the net 
energy absorbed would be zero. It is evident from 
Figs. 46 and 48 that the speed of L (current) lags a 
quarter of an oscillation behind the twisting force 
(applied e.m.f.). Hence if there could be a phase differ- 
ence of a quarter cycle (90°) between the current and the 
voltage, the nett energy absorbed would be zero ; and 
the current would then be entirely reactive or wattless. 

In Fig. 50, the spring S returns to its original posi- 
tion when the pressure on R is released, and in ao 
doing, gives back the energy absorbed by it while it 
was being twisted. Since we are assuming that there 
is no friction, the energy given back by the spring must 
be exactly equal to that absorbed by it. And it was 
shown in Figs. 51 and 52 that the speed of S (current) 
was a quarter of an oscillation in front of the twisting 
force (applied e.m.f.). Hence in a circuit containing 
capacity only, the net energy consumed would be zero. 

In a circuit possessing capacity and inductance but 
no resistance, as in Fig. 54, it was explained on p. 56, 
how after giving R a twist and then letting it go, the 
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pointez p will oscillate backwards and forwards. If 
there were no friction at all, this movement would con- 
tinue indefinitely. In this case, we have the mass L 
being retarded by the torsion of 8, the latter stress 
afterwards accelerating L in the opposite direction. In 
other words, when being retarded by 8 , L is delivering 
energy to it; while at a later instant, 8 is giving back 
that energy to L in accelerating it All this takes 
place without any energy being absorbed from any 
outside source. In practice it would be impossible to 
have an electric circuit with inductance and capacity 
only; there must always be some resistance, so that 
there is always some power being absorbed. 

The above analogies show that though the twisting 
force (applied e.m.f.) and the speed of the moving 
system (current) may be large, the power absorbed 
will be small if the phase difference that exists between 
the two quantities is considerable. 

40. POWER AND ENERGY IN ALTERNATING- 
CURRENT CIRCUITS. — The effect of a difference in 
phase between the current and the voltage upon the 
power absorbed in a circuit is very plainly indicated 
in the following graphs or curves. 

Fig. 89 shows the current (/) and the voltage ( E ) in 
phase with each other. At any instant, Buch as XX, the 
power is the product of the values of E and 1 at that 
instant. The variation of the power is shown by curve 
P, each point on which is got by multiplying together 
the corresponding values of pressure and current. The 
power curve in this case is always positive, since the 
current and the voltage are always either both positive 
or both negative ; the product of two + or two - values 
being always +. The total energy consumed in the 
circuit in a certain time is represented by the shaded 
portions. In other words, the area of those portions 
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would represent to scale so many kelvina* of work 
done in the time denoted by the length along the time 
base. 

If the current and voltage were 90° out of phase, the 
:iet power and energy absorbed by the circuit would be 
zero, because the current would be entirely reactive or 
wattless, as has been previously explained. This state 
of things is diagrammed in Fig. 90, where it will be 


x 



Fig. 89. — Curxe* showing A.C, Power in a Circuit with 
Resistance only. 


noticed that the power curve P and the shaded energy- 
areas are alternately at>ove and below the time base. 

bet us first see why the power curve takes this form. 
At the moment b on the time base, the pressure is 
represented by the length ba and is +, while the current 
is represented by the length be and is — . The product 
of these two lengths (».&, the power) is bd , and is nega- 
tive; it is therefore marked off below the time base. 
At the instant e, both pressure and current values are -f, 
and therefore the power is also 4- .• At the instant /, the 

* The kelvin or Boar d-of -Trade unit is the unit of electrical energy or 
work. See the Author’a Electric Circuit Theory and CuieWafion*. 
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pressure and current values are both - , so that their 
product, the power, is again + . 

Let us now try to understand why the alternation 
of the power between -+* and — has a very different 
effect from the alternation of pressure or current. In 
Fig. 89 it was seen that though the pressure and the 
current were both alternating " in sign ” (as they always 
do in an a.c. circuit), the power was wholly positive. 



Fitf. 90. — Curves showing A.C. Power in an Imaginary Circuit 
with Inductance only 


This means that the power was at every instant being 
absorbed by the circuit. When the power becomes 
negative, it signifies that it is being returned by the 
circuit under the reactive effect of inductance or 
capacity. In Fig. 90, representing the imaginary case 
of a wholly reactive circuit, it is evident, as already 
explained, that all the power and energy given to the 
circuit is returned. 

Figs. 89 and 90 represent the two extremes as 
regards power in an a.c. circuit ; and though the con- 
ditions in Fig. 89 sometimes occur, it never happens 
that a circuit has inductance only, as in Fig. 90. 

For an imaginary circuit possessing capacity only, 
the shape of the curves would be exactly as those in 
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Fig. 90, except that curve I would be leading 90* in 
front of instead of lagging 90“ behind curve E. 

A circuit always hag resistance, and more or less 
inductance and capacity. Fig. 91 shows the power 
conditions in a circuit with resistance and some induct- 
ance, t.e., one in which the voltage and current are 
only a little out of phase. Here the curve P represents 
the variation of power from instant to instant, and it 



Fig. 91 —Curve* ihowing A.C. Power in * Circuit with Reiistwe* 
and Inductance. 


will be seen that the sum of the energy-areas marked 
-f is greater than that of those marked—. The net 
energy absorbed is represented by the difference 
between the + and — areas. The nearer the curve 1 
comes into phase with curve E t the larger will be this 
net area, and vice versa. 

In a circuit with resistance and capacity the current 
would lead instead of lag ; but the result, so far as the 
power was concerned, would be more or less the same 
as in Fig. 91. 

In a circuit with resistance, inductance, and capacity, 
there would be similar E, /, and P curves giving alter- 
nations of + and - power and energy ; the value of 
which would vary with the phase difference ; and the 
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latter would depend on the resultant effects of the 
resistance, inductance, and capacity. 

Thus with a given voltage and current, the real 
power developed, and the energy absorbed, are the greater 
the less the phase difference. 

41. POWER PHENOMENA IN REACTIVE CIRCUITS. 
— It must be borne in mind that a reactive or wattless 
current is only wattless or ineffective so far as its 
power of doing useful work is concerned. If there is 
any current at all, it must do something. Let ua see 
what is done in a case where the circuit contains 
inductance only, and let us refer again to Fig. 90. The 
4- and - power and energy alternations represent the 
power and energy given to and returned by the alter- 
nating magnetic field of the circuit. As the current 
increases from zero to its maximum in either direction, 
energy is absorbed in setting-up the magnetic lines 
about the circuit. As the current decreases from its 
+ or — maximum, the magnetic field collapses, and in 
so doing, gives back its energy to the circuit in the form 
of an induced e.m.f. and current. 

Suppose an alternator to be supplying a purely 
inductive load, such as that in Fig. 67. During the 
quarter cycle when the current is increasing from zero 
to maximum, power is being supplied by the alternator 
to build up the magnetic field of the circuit. During 
the next quarter, the current is decreasing, and therefore 
power is being returned by the magnetic field as it 
collapses or weakens, and this returned power tends to 
drive the alternator as a motor. If, as in this case, the 
circuit be assumed to have no resistance, the energy 
taken from the alternator during the first quarter of 
a cycle would be equal to that given back during the 
second quarter of the same cycle, and the resultant 
energy absorbed by the circuit would be zero. In 
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other words, the current would be wholly reactive or 
wattless. 

The same effect would take place if the circuit 
consisted of capacity only, as in Fig. 69; the alternate 
charging and discharging of the condenser alternately 
taking energy from and returning it to the alternator. 

In practice no circuit can be entirely devoid of resist- 
ance, so that the current could not be wholly reactive 
^ in the two cases just 
jS considered. Thus more 
A/ or less electrical power 

yf \ would be converted into 

\ heat in all parts of the 

£ \ circuits. 

0 I, x 1 \ c 42. ACTIVE AND RE 

\ ACTIVE COMPONENTS 

V / OF A CURRENT.— When 

\ a current / lags behind 

Vg the e.m.f. E by an angle 

Pig, 92. — Vector Diagram of Active 4 *' ^ ^ that 

and Reactive Components of a current can be considered 

as being made up of two 
components or parts; viz., one component in phase with 
the voltage, and the other component lagging 90° 
behind the voltage. The values of these components 
are obtained by drawing CA from C perpendicular to 
Ofi t and completing the parallelogram with OB and BO 
parallel with AC and OA respectively. Then OA 
represents the current component in phase with the 
e.m.f., and OB the component in quadrature therewith, 
t 90° behind it. 

Since the component OA and the voltage are in 
phase, the power absorbed in the circuit is given by the 
product of the two, as already explained in connection 
with Fig. 89. On the other hand, it was shown in 
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Fig. 90 that when the voltage and the current are 90° 
out of phase, the current is entirely reactive or wattless, 
and the net power absorbed is zero. Hence, in the 
case illustrated in Fig. 92, the component OA is known 
as the active, or power, or useful component of the 
current: and OB as the reactive or wattless or useless 
component thereof; 00 being the current itself. 

From Fig. 92, it follows by trigonometry (pp. 31 
and 100) that : — 

the active component of the current = OA = 

I cos <f) (26 ) 

and that : — 

the reactive component of the current -OB = AC~ 

1 sin <j>. (27; 

In words, Formula 26 shows that the useful com- 
ponent of a current is got by multiplying the actual 
current by the cosine of the angle of phase difference, 
And Formula 27 shows that the useless component of a 
current is obtained by multiplying together the actual 
current and the sine of the angle of phase difference. 

The reactive component of an alternating current is 
objectionable in central-station work for three reasons. 

Firstly . — The maximum current that can be carried 
by the armature of an alternator is determined by the 
permissible limit of temperature-rise in that armature. 
The greater the phase difference, the greater must be 
the reactive component of that maximum current, and 
the less must be its active or useful component. In 
other word 9, the greater the reactive component the less 
is the maximum working load that may be put upon that 
alternator , since the total or apparent power (in volt- 
amperes) developed with a given e.m.f. is limited by the 
maximum current the armature conductors can carry. 

Secondly . — If the current lags behind the e.m.f., as is 
nearly always the case, if it has a reactive com- 
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ponent, it tends to demagnetize the field. To compen- 
sate for this effect, a stronger field is necessary ; and the 
power to be expended in excitation is consequently 
increased. 

Thirdly. — Owing to the greater current necessary 
for a given useful load, the cross-section of the cables 
has to be increased in order to keep the voltage-drop 
and their temperature-rise within permissible limits, 
The moral of all this is that the phase difference 
should be kept as small as possible. 

43. CONNECTION BETWEEN POWER, PRESSURE, 
CURRENT, AND PHASE DIFFERENCE.— It was shown 
in the previous section that the useful power absorbed 
in a circuit is the product of the voltage and the active 
component of the current. And by Formula 26, (p. 139) 
the active component of any current 7=/xcos <j), 
<j> being the phase difference. Thus, if E be the e.m.f., I 
the current, <f> the angle of lag or lead, and P w the real 
or useful power (in wattB) then.— 

Piv=i voltage x active component of the current, 
=EI cos <f>. ( 28 ) 

On reference to the Table on p. 271 it will be seen 
that the cosine of 0 degrees is unity, or 1. Thus, in the 
formula above, if the current and pressure are in phase 
— i.e., if there is po phase difference (angle of lag or 
lead) — the real power will be obtained simply by multi- 
plying together the volts and amperes in the circuit. 

As the phase difference increases, the cosine values 
decrease below unity, thus cos 10° = '985, cos 30° = '866, 
cos 80° = T74, cos 90° = '000 ; and the real watts become 
proportionately less than the apparent watts. Thus, 
supposing the phase difference <£ = 60°, the real watts 
will be only half the apparent watts, for cos 60° = '5. 
It will thus be seen once more how important it is to 
keep the phase difference as low as possible. 
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In practice, (j> cannot be worked out directly with 
any degree of accuracy, for it varies with every varia- 
tion in the conditions of the circuit; though it can, of 
course, be calculated for any given case. The real watts 
may be ascertained by means of a wattmeter (§ 54). 

44. POWER FACTOR.— From what has gone before, 
it will be clear that the apparent watts put into a 
circuit feeding arc lamps, motors, or other inductive 
apparatus, as calculated from the indications of a 
voltmeter and ammeter at the geuerating-station end, 
may be greatly in excess of the actual power con- 
veyed to the lamps, etc. Thus the indications of these 
instruments may give the idea that a far larger number 
of consuming devices are in circuit than is actually the 
case, owing to the reactance in the circuit. 

The following record of actual observations furnishes 
an instructive example. The current supplied by an 
alternator to an inductive load was 44 amperes, and the 
pressure 2050 volts, The exciting current of the 
alternator for a corresponding non-inductive load would 
have been between 50 and 55 amperes ; but this had to 
be increased to about 75 amperes in order to main- 
tain the 2050 volts pressure at the alternator terminals. 
The reason for this was explained under Secondly on 
page 139. 

By tests made with a wattmeter, which measures 
real power, it was found that the latter was only 
56,000 watts. 

Thus, in this case — 

Apparent watts = 2,050x44, 


= 90,200, 

and Real watts =56,000. 

Consequently the ratio between the real and apparent 


watts was 


56,000 

90,200 


-• 62 . 
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This ratio is known as the power factor (abbrevi- 
ated P.F . , or p.f.) of the circuit. 

Thus — 

Power factors watte (29) 

apparent watts 

volts X amperes X cos <p 
— volts x amperes, ' ' 

= cos <p. (29b) 

Hence the power factor is given by the cosine of the 
angle of lead or lag, it., the cosine of the angle of 
phase difference ; and it is the fractional quantity or 
"factor” by which the apparent power has to be 
multiplied in order to determine the real power. 

The determination of the power factor with an 
inductance or capacity in a series circuit, and with both 
in series or in parallel circuits, was described on pp. 
100, 106, 110, 116, and 117 respectively. 

The necessity of keeping the phase difference small 
and the power factor of a circuit as near unity as 
possible should now be obvious, and this is one of the 
chief problems in alternating-current distribution and 
application. It is in this connection that the question 
crops up of introducing capacity to reduce the lag, as 
alluded to in § 36. 

Condensers are now manufactured specially for 
power factor correction purposes. They are coming 
into fairly general use. Synchronous motors, however 
(especially in the form of rotary converters), when 
strongly excited, behave like condensers in bo far that 
they take a leading current; and they have been largely 
employed for improving the power factors of distribut- 
ing systems. 

During the last few years, devices of different forms, 
known as phase advancers , have been introduced. These, 
when connected to the rotors of induction motors (which 
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are the worst offenders in lowering the power factor of 
ft supply system) improve the power factors of their 
circuits. They can even be arranged to cause their 
motors to take a leading current, and so tend to com- 
pensate for the lagging currents taken by other induction 
motors working off the same supply but not fitted with 
phase advancers. The theory of the action of these 
apparatus is too complicated for treatment in this 
elementary book.* 

Whether the phase difference be due to excessive 
inductance or capacity in the circuit, the effect of either 
may be partly or wholly neutralized by the introduction 
of the opposite effect; and the power factor will con- 
sequently be improved. This will be evident from 
Figs, 78 and 86. 

As a rule, a power-factor value relates to a circuit 
in which the current is lagging. When' it refers to a 
circuit in which the current is leading, the distinction 
may be made by adding the word lead or leading , 
thus : — p.f.=‘7l leading. 

44a. EXAMPLE ON THE CALCULATION OF POWER. 

— A resistance of 200 ohms, an inductance of 2 henries , 
and a capacity of 3 microfarads are all connected in 
series across mains working at 500 volts and 50 cycles . 
Find the power consumed in the circuit. 

1st Step, — Fipd the impedance. 

This we can do by means of Formula 22 a, p. 109, 
thus: — 

Impedance = J 

In the present case, i? = 200 ohms, L— 2 henries, 
K = 000003 farads, and / = 50. 

<200)*+ ( 2rx50x2 - 
= 477 ohms. 

* Readers ore referred to Power Factor Correction, R. Clayton, 
M.LE.E. {Pitman). 
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2nd Step. — Find the current. 

Current = . V0 ^^ iL, {see Formula 13a, p. 98), 
impedance 

500 , 

1=5 Wi 105 amps ‘ 

3rd Step. — Find cos <p and the real power. 

When, resistance, inductance, and capacity are in 
series, cos (p is given by Formula 15, p. 100. 


i.e. t cos <p — 


resistance 200 


= ■419. 


impedanee 477 
power-factor = cos ^> = *419. 

,\ by Formula 28, p. 140, 

True power consumed — IE cos (p 

= 105 x 500 x '419 
* =220 watts. 


45. POWER FACTOR AND EFFICIENCY OF A 
MOTOR. — From what has been said in the foregoing 
sections, it will be evident that the matter of power 
factor is an important one to the user of alternating- 
current motive-power, as the cost of such power depends 
very much upon the power factor. 

The power factor of an alternating-current motor at 
any given frequency and load depends largely upon 

the design of the machine. When the motor is under 
° ... * 
test, its p.f. may be found by dividing the apparent watts 

delivered to the motor into the real watts absorbed. 
The less the reactance of the machine, the greater will 
be its power factor, as the driving current will then be 
more nearly in phase with the applied voltage. 

It follows From this that to get a given power out 
of a motor, the less its power factor the greater must 
be the current sent through it as compared with that 
which would have been necessary had the motor pos- 
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sessed unity power factor, which — by the way — is not 
possible with ordinary types of motor. This excess 
current, though useless for power, still exercises its full 
heating effect upon the conductors, and so further 
increases the losses in the motor circuit. 

Hence the input to such a motor is generally ex- 
pressed in volt-amperes (abbreviated VA) or in kilo-volt- 
amperes {kVA) instead of in watts or kilowatts. 

For example, if an a.c. motor is taking a current of 
20 amperes, and the pressure is 400 volts, it is better 
to call the product (400 X 20) = 8000 volt-amperes or 
8 kVA instead of 8000 apparent watts, or 8 apparent 
kilowatts. If it were a continuous-current motor we 
should know that the 8000 VA, or 8 kVA, would be really 
8000 watts or 8 kW. 


or 


Thus— 

Real input in kilowatts = kVA xp.f. 


(30) 

(30a) 


The commercial efficiency of an a.c. motor is the 
ratio of the mechanical power given out to the true 
power absorbed, both quantities being expressed in the 
same units (generally watts or kilowatts). 

Thus : — 

Percentage efficiency of » motors? — 0I ^P Q t — ^ jqq (31 ) 

real input 


real input - louse* in motor 
real input 


100. (3U) 


Since the losses in a motor depend to a certain 
extent upon the power factor, the latter consequently 
affects the efficiency. As, in addition, a low power 
factor possesses the three disadvantages mentioned in 
§ 42, it is necessary to secure as large a power factor 
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as possible. To help in this, the machine should be of 
thoroughly good design, it should be speeded as high 
as permissible, and the lower the frequency of the 
supply the better. The lower the frequency, the less 
is the reactance of the motor circuit (p. 96). 

The power factor of an ordinary polyphase motor 
depends upon its type and size, and at full load may be 
anything between *7 for slow-speed machines and ‘93 
for high-speed ones (see Table on p. 377). The power 
factor of any given motor generally decreases or be- 
comes worse as the load decreases. 


Example. — To find, The Input necessary for an 
Alternating-Current Motor: Given, Its Output, Efficiency, 
and Power Factor. 

A three phase motor has an output of 15 b.h.p. 
What is its k.v.a. or apparent input , if its efficiency is 
86 per cent., and the power factor *87. ? 

1st Step. — Convert b.h.p. to kW. 

15 b.h.p. = 15 x 746 watts = 1 1,190 watts = 1 119 k W. 


2nd Step.— From Formula 31, p. 145, 

u , - , output 

Heal input — , 
efficiency 


Real inputs 13 kW. 
80 


3rd Step.— By Formula 30a, p. 145, 

apparent or kVA input = — — ^ P ?l ^ 
rr power-factor 


kilo voltamperes = ^~^ = 15 kVA. 



( 32 ) 
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The 1000 is inserted to give the result directly in 
kilo-voltamperes. If it be omitted, the result will be 
iu volt-amperes. The division by 1000 could be effected 
at once by changing the 746 into '746. 

Substituting the known values in the above formula 
we get 

15x746 11,190 , ^ , y . 

1,000 x *86 x ‘87 748*2 

which agrees with the result in the 3rd Step of the first 
solution. 

It is important to note that, in working the above 
problem, it is necessary to take the pi. into considera- 
tion only when getting the apparent input of the motor ; 
the real input being found directly from the output and 
efficiency simply. 

It is necessary to know the apparent or kVA input 
in order to find the actual current to be carried. Know- 
ing the latter, the size of cable for connecting the motor 
to the source of supply can easily be found, for it will 
depend simply on the current to be carried, and the 
permissible loss of power or of pressure in the cable.* 

46. POLYPHASE CURRENTS.— The kind of alternat- 
ing current dealt with in the preceding portion of this 
book is that known as the one-pkase, single-phase, or 
monophase current. There are other kinds of alternat- 
ing current called polyphase currents. These are the 
two-phase (or diphase), and the three-phase (or triphase) 
currents; which may respectively be likened to two or 
three simple alternating currents set up in different 
circuits. These two-phase or three-phase currents are 
of equal frequency and strength, but they differ in phase ; 
that is to say, they lag one behind the other. 

As will be seen later, polyphase currents are better 


• Se* the Author’s Electric Circuit Theory and Calculation 
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adapted than the single-phase current for the trans- 
mission of power over great distances, and for most 
motive-power work, except railways, etc. 

It may be mentioned that 6- and 12 -phase currents 
are sometimes employed; but as their application is 
very limited, they will not be considered in this book. 

47. TWO- AND THREE-PHASE ALTERNATORS AND 
THEIR CIRCUITS. — A simple single -phase alternator 



Fig. 93. — Diagram of Simple Two-Pbase Alternator. 


was illustrated in Fig. 13. A two-phase alternator is 
wound with two distinct coils or series of coils, and the 
e.m.fs. generated in these are generally applied to two 
distinct circuits. 

Fig. 93 shows the principle of a simple two-pole 
alternator, with two coils aa' and bb' fixed at right 
angles to each other, and revolving in a counter- 
clockwise direction. When the coils are in the position 
indicated, the e.m.f. being induced in aa' is zero, whilst 
that in bb' is maximum. As the coils rotate, these 
e.m.fs., and the currents due to them, vary in magnitude 
and direction in the manner shown in Fig. 94, where 
it will be seen that curve b lags 90° or a quarter-cycle 
benind curve a 
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The two circuits of a two -phase alternator are 
generally kept quite distinct from each other, as in 
Fig. 95, where a and 6 represent the two coils or series 





0- OUTER 


PhastA 
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Fig. 96. — Connection of Two-Phase Alternator to Three- Wire Mains, 


sets of coils : and four distribution conductors are then 
necessary. Sometimes, however, the phases are con- 
nected together as in Fig. 96, thus dispensing with the 
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fourth conductor.* The common return wire or main f 
has to be of sufficient cross-section to carry the resultant 
current of the two phases. 

If OA and OB in Fig. 96a be the vectors representing 
the currents in the two phases, the one lagging 90° behind 



Fig. 96a.— Vector 
' Diagram for Three- 
Wire Two -Phase 
Mains, 


the other, then the resultant current 
is given by the diagonal (OC) of the 
parallelogram OBCA . Now 

OC*=OB*+BC*=OJP+OA *= 2 OA 1 

since OA=OB when the two phases 
are equally loaded. 

Hence : — OC— J2 OA, 

i.e., the resultant current in the com- 
mon main is (or 1414) times the 
phase current, so that the common 
main in Fig. 96 usually has 1'414 times the sectional 
area of each of the two “ outer ” mains. (32a) 

In Fig. 96, the voltage between the outers is T414 
(or J2) times the phase voltage. (32b) 

The two-phase system is generally only installed 
when an existing single-phase system is being con- 
verted into a polyphase system; the original single- 
phase alternators being paired-off between the two 
phases. Thus in Figs. 95 and 96, a and b might each 
represent one or more single-phase alternators. But 
the two machines (or sets of machines in parallel) 
would have to run 90* apart in phase. 

Two-phase distribution ia never resorted to in 
entirely new work, for the chief reason that it 
requires more copper than a three-phase one. 


* la Figs. 95 and 96 the alternator windings appear to lie intercon- 
nected where they cross, but such is not really tho case, 

f The different Byetome of distribution are generally referred to 
u two. wire, three-wire, four-wire, etc. ; but the actual conductors, of 
course, are really cablet — not wirtt, except in sotne isolated cases of 
overhead distribution , 
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In three-phase alternators there are three coils (or 
series of coils) displaced equally from one another. 



Fig. 97. ^Diagram of Simple Three-Phase Alternator. 

Thus, for a simple two-pole machine (Fig. 97), the 
coils aa', hi', and cc', would be at angles of 120° from 



one another. In the positions shown, the e.m.f. in aa' 
is zero, that in bb' has nearly reached its maximum, 
whilst that in cc' is decreasing. Thus the three e.m.fs. 



'i5 2 Alternating-Current Work [chap. m. 

and the currents set up bv them, will vary a s shown in 
Fig. 98. 

If these three circuits were kept quite apart, as in 
Fig. 100, six conductors would obviously be required, 
But, as will be understood presently, it is not necessary 
to keep them apart ; and only half the above number of 
conductors (ie., three) are necessary in most cases. 

If the three curves in Fig. 98 are plotted on one 



Jig. 59. — Showing that the Algebraic Sum of Three-Phae* 
Current* is Zero. 


time base, we obtain Fig. 99. If, at any instant along 
the time base OX, a vertical line be drawn through the 
diagram, it will be found that the sum of the lengths 
cut off by the waves above the line is always equal 
to tlie sum of the lengths below. Thus, at the dotted 
line d, the a and 6 currents are both ■+-, while the c 
current is — ; and if the curves be accurately drawn 
it will be found that — 

wx+wy=wz, 

these lengths indicating the relative strengths of the 
three currents at that particular instant. Hence it 
follows that the algebraic sum oj the currents tn a 
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three-phase circuit is zero at every instartf. “ Algebraic 
sum ” in this case means that the “ sign ” or direction- 
of-fiow of the 


currents — as 
well as their 
strengths — is 
taken into 
consideration. 

On account 



of the above 
characteristic 
of three-phase 
currents, if 
the ends of 
the phasea 
connected to 



Fig. 100.— Connection of Three-Phase Windinp 
to Six- Wire Mains. 


the con- 


ductors A B', C' in Fig. 100 are joined together as 


shown in Fig. 101, the algebraic sum of the currents 
at the centre is zero, and consequently there is no 
necessity even for a fourth conductor. In other words, 



the total curreut flowing 
towards the centre iu one or 
two of the phases is always 
equal to the total current 
flowing away from the 
centre in the remaining 
phase or phases. Fig. 102 


Fig. 101. — Star or Y- Connection W1 }| the meaning of 

of Three-Pha*« Winding*. ........ , 

this still clearer. 


The method of joining the phases together shown in 
Fig. 101 is known as the star or Y -connection; and the 
junction p of the three phases is called the star point or 
neutral point. 

The action of three-phase currents in a complete 



i54 Alternating-Current Work [chap. hi. 


three-wire star-connected circuit will be made clear 
from the hydraulic analogy of an alternator connected 
to a motor, as depicted in Fig. 102. Here S is a shaft 





* Fig. 102.— Flow of Current in a Three-Phase Circuit. 


with three cranks set 120° apart, each crank being 
linked to a separate piston working in a cylinder. 
The three cylinders are connected together at front 
and back by pipes as shown. The pipes and cylinders 
have no external openings, and are supposed to be 
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filled-up with water. The crank-shaft stands for the 
driving engine ; the three pistons and cylinders repre- 
sent the three phase-sets of coils in a three-phase alter- 
nator; and the short pipes between the cranks and the 
cylinders represent the star-connection of the wind- 
ings of the generator. The long pipes on the right of 
the cylinders stand for the transmitting cables, and the 
ends of these, where they join together at M, may be 
taken to represent the windings on the motor. 

The crank- shaft is supposed to be rotating right- 
handedly, as viewed from the bottom end ; and in the 
position shown at (I), the A piston is at the middle 
of its outward or positive stroke, the B piston has just 
commenced its inward or negative stroke, and the C 
piston is nearing the end of its inward stroke. The 
“inward" stroke is to be regarded as that made a way 
from M. 

Now the A piston is evidently moving at its 
maximum speed, so that we may say that the A 
current is at its maximum, and that it is flowing 
outwards or positively ; this beiDg indicated by the 
long arrow at each end of the A cylinder in (I). The 
pistons of phases B and G, which are respectively near 
the beginning and end of their inward strokes, are 
moving slowly. Thus the direction and strength of 
the currents in these two circuits is roughly indicated 
by the short arrows. Then we may say that the A 
current flowing outwards along the A cable splits up 
and returns via the B and C cables ; the sum of the two 
currents in B and G being equal to that in A. 

At position (II), the crank-shaft has moved through 
120°, and the maximum positive current in G flowing 
outwards returns via the A and B cables ; the sum of 
the currents in the latter two being equal to that in 
the former. 
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At position (III), the shaft has moved through 
another 120°, and here the B current has its maximum 
positive value, it being equal to the sum of the A and 
C currents, and returning via the A and C cables. 

48 . MESH-CONNECTED THREE-PHASE CIRCTJIT- 
Since the curves in Figs. 98 and 99 indicate the relation- 

— ship between three-phase 

^ A voltages as well as 

^ currents, it will be evi- 

Line B dent that the algebraic 
sum of the e.m.fs. in a 
Line C three-phase circuit is zero 
Fig. 103. — Triangle, Meth, Delta, or at every instant. 

A ■ Connection of Tkree- Phase This fact enables US 
Winding*. 

to connect the three 
phases in a different way from the “ star ” method, 
namely, that in Fig 103. 

Let us start with the three phases isolated from 
one another as in Fig. 100. Now connect the end A' 
of the first phase to the beginning B of the second 
phase, the end B' of the latter to the beginning C of 
the third phase, and the end O' of that phase to the 
beginning A of the first phase. This will result in 
the arrangement shown in Fig. 103, which is known 
variously as the mesh , delta , A, or triangle connection . 

If it were not true that the algebraic sum of the 
e.m.fs, in a three-phase circuit is zero, there would 
be an e.m.f. sending a circulating current round the 
windings o, b , and c, when connected in mesh (Fig. 103) ; 
but as no such circulating current is found to exist in 
practice when the e.m.f. waves are true sine wave®, 
the above statement is evidently true. 

49 . RELATION BETWEEN THE PHASE AND THE 
LINE VOLTAGES IN THE Y-OONNECTION.— The voltage 
between the two ends of am? one phase-winding (on a 
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generator or on a motor) is known as the phase voltage y 
and the current flowing in that phase is called the 
•phase current. The voltage between any two of the 
three- line conductors is known as the line voltage, 
while the current in each of these conductors is called 
the line current. 

It will be evident that with the Y-connection (Fig. 
101), the line current is the same as the phase current 



Fig. 104. — Curves showing Separate and Resultant Voltages in Two 
Phases of a Y- Winding. 

The line voltage, however, is the algebraic sum of the 
voltages of two of the three phases. 

Consider the voltages induced in windings a and h 
in Fig. 101, These two voltages vary with regard to 
each other in the manner shown in Fig. 104, which 
represents curves a and b of Fig. 98 plotted on one base. 
If, at a particular instant w, the voltage in the phase or 
winding a is wx, that in phase b will be ivy. If the 
direction of the voltage wx in phase a is outwards from 
the neutral point, then the voltage wy, being negative, 
will be acting towards the neutral. In consequence, 
wx and toy will be trying to send current in the same 
direction so far as the distribution lines A and B in 
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Fig. 101 are concerned ; so that the instantaneous 
voltage between these line conductors is given by tcz in 
Fig. 104, where toz-i&xi-ivy. 

Proceeding in this way at various points along the 
time base, we obtain the curve L representing the 
variation of voltage between the conductors A and B in 
Fig. 101. Now it can be shown, both mathematically 
and graphically, that the virtual value of the line 
voltage between A and B is J3 ( = 173) times that of 
the virtual voltage of either phase 0 or b. It can be 
similarly shown that the voltage between B and C, or 
between A and C, is also equal to 173 times the phase 
voltage. 

Thus, if the voltage of each of the phases a, b, and c in 
Fig. 101 be 200, the voltage between any two of the line 
conductors A , B, and (7, will be 200 x 173 = 346 volts. 

The whole matter may be summed up concisely as 
follows : — 

In a three-phase star-connected circuit — 

If: — Ep = phase voltage, 

E l ~ line voltage, 

Ip = phase current, 

I L —line current, 

Then — I?=I L , ( 33 ) 

and— E l = 1'73x£j>.« ( 34 ) 

It will be remembered that when we speak of a 
given e.m.f. or voltage, we mean the virtual value 
(§ 23). (* See Appendix C.) 

50. RELATION BETWEEN THE PHASE AND THE 
LINE CURRENTS IN THE A-CONNECTION. — From 
Fig. 103, it is evident that with a A* C( >nnection the line 
voltage is exactly the same as the phase voltage. Ab> 
regards the line currents, however, that in conductor A 
is the algebraic sum of the currents in phases a and b ; 
that in B is the algebraic sum of the currents in 6 



§51.] 


Y and A Connections 


i59 


and c; and that in G is the algebraic sum of the 
currents in a and c. 

The currents in a, b , and c have a phase difference 
of 120°, as shown in Fig. 98 ; and the sum of any two 
can be obtained in a similar way to that explained in 
connection with voltages in Fig. 104. Here again, it 
can be shown mathematically or graphically that the 
current in each line is J3 or 1*73 times the current in 
each phase. 

Hence, adopting the same notation as iu the preced- 
ing section — 

In a three-phase delta-connected circuit — 

El—Ep, (35) 

and— ( 36 ) 


51. RELATIVE ADVANTAGES OF THE Y- AND 
A-CONNECTIONS. — It is shown in § 66 that the number 
of conductors per phase in the windings of an alternator 
or motor, for a certain frequency and flux, is directly pro- 
portional to the phase voltage. Hence, for a given line 
voltage, fewer turns-per-pbase will be required with 
a Y-connection than with a Aconneetion ; for in the 


: *58 


former case the phase voltage need only be — L= 

times the line voltage, whereas in the latter case it 
must be equal to it. Consequently, a Y- or star-wound 
machine is the cheaper to wind. (See Formulae 34 and 
35.) 


Another advantage of the star-connection is that 
the system of distribution mains may be arranged to 
suit both lighting and power circuits without the use of 
transformers, provided the voltage between the lines 
does not exceed 430. This is done, as shown in Fig. 
105, by connecting a common wire to the “ point” of the 
star of the generator G; and joining-up the two- wire 
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distribution boards d , d, d, between this common or 
neutral main and one or other of the three equal- 
sectioned outers A } B , and C. 

These boards then get a lower voltage than if they 
were connected between A and B, or B and C, or G and 
A / and would be used for the feeding of lighting and 
heating circuits, whose pressure is limited to 250 volts. 
Small single-phase motors could also be connected 



Fig. 105. — Three-Phase Four-Wire System, 


thereto. Thus if E L — 430, E P - 430 x '58 « 250. Three- 
phase motors, advantageously served at greater pressure, 
would be connected to the three phases, as seen at M. 

Yet another advantage of the Y-connection is that 
the neutral point of alternators can be (and generally 
is) connected to £arth. When this is done, the potential- 
difference between each line conductor and earth is 
kept equal to the phase voltage, and is thus 58 of the 
line voltage. The A-connection cannot be earthed in 
this way, so that should orie of the line conductors 
become earthed through a fault, the voltage between 
each of the remaining two conductors and earth would 
be equal to the line voltage ; and would thus be T73 
times greater than the voltage to earth in the case of 
the Y-connection with earthed neutral. There would 
be a correspondingly higher stress in the insulating 
material, and greater liability of breakdown. This 
consideration is of importance with machines working 
at thousands of volts per phase. 




Three-Phase Power 


The advantage of the A-connection is that trans- 
formers in general work more satisfactorily under such 
conditions. Furthermore, it is the only connection 
suitable for such machines as rotary converters; but 
the reasons cannot be given here. 

52. POWER IN THREE-PHASE CIRCUITS— In calcu- 
lating the power transmitted by a three-phase circuit, 
the particulars given in sections 49 and 50 must be 
taken into consideration : and a brief explanation will 
show that, for a given value of line current and line 
voltage, the 'power transmitted is the same whether the 
machines be connected in star or in mesh. 

For instance, suppose a mesh-connected motor is 
supplied with a current of l L amperes at a pressure of 
E l volts. The power absorbed by the motor (ignoring, 
for the moment, the reduction due to power factor) will 
be equal to three times the power per phase , i.e., three 
times the product of the phase current and the phase 
voltage. 

As the motor is mesh-connected, the phase voltage 
will be the same as the line voltage — i.e.,E l — E p (by 
Formula 35). The line current I L) however, wdll be 
equal to J 3 times the phase current (by Formula 36), 

therefore the phase current will be equal to 

Consequently 

The volt-amperes absorbed by the me9h-connected 
motor = 3 x phase current X phase voltage, 

— 3/ pEp = 3 ^ 4 - ^ Bp 


— JSIlBl 

it being remembered that E P =E L with the mesh con- 
nection. 

If the motor be star-connected, the line current 
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equals the phase current — ie., Ip=Il, and the phase 

volts = ~~jk (from Forrnul® 33 and 34). 

JS 


Therefore in this case : — 

The volt-amperes absorbed by the star-connected 


motor 


— 3 IpEp — 3/^r 


El 

JV 




Hence, whether the machine be mesh- or star- 
connected, the apparent power P absorbed in each case 
is the same, and is equal to 

P(app.)= J%l L E L . ( 37 ) 

If the power factor (p.f.) be taken into consideration* 
P in watts = I L xE L x 1*73 x p.f. ( 38 ) 


53. MEASUREMENT OF POWER IN A.C. CIRCUITS. 

— It is evident, from what has already been said, that 
the power absorbed in an a,c. circuit depends not only 
upon the current and the voltage, but also upon the 
power factor, i.e . : — 

Actual watts — El cos <f>. (P. 140.) 

Hence all wattmeters for measuring alternating- 
current power must take account of these three 
quantities. 

The most reliable type of instrument for this purpose 
is that acting on the dynamometer principle. In this 
there are two coils (or sets of coilB), one of which is 
fixed, and the other movable. The moving coil (or 
coils) is connected in the current circuit, and the fixed 
coil (or colls) is connected so as to take the pressure, 
or vice versa. 

Siemens’ dynamometer wattmeter * was the pioneer 

• This instrument, and tb* principle on which it (»nd other# of its 
type) work#, are described in the Anther's Eitctr ie Lighting and Power 
i)itinbution, VoJ. I, 
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of this class of apparatus, which — by the way — can 
also be used on continuous-current circuits. A modern 
dynamometer wattmeter is described in the next section. 

In a dynamometer wattmeter, the turning force 
exerted by the coils at any instant is proportional to 
the product oj the values of the currents in them at that 
particular instant, one of these currents, of course, being 
that due to the pressure. In other words, the turning 
force at any moment is proportional to the product of 
the instantaneous values of the current and the voltage, 
and so to the instantaneous watts. Consequently, the 
effective turning force is proportional to the watts. 

It should be evident from Fig. 89 that when the 
pressure and current are in phase, the product of the 
instantaneous values of the two is always positive, 
the moving system of the dynamometer would always 
be deflected in the same direction. Should the current 
and the voltage be 90* out of phase with each other, as 
in Fig. 90, the deflecting torque would be acting equally 
in alternate directions; and since the alternations follow 
each other in quick succession, the pointer would simply 
remain stationary and indicate no power. For a phase 
difference intermediate between the above two limits 
(Fig. 91), the deflecting torque would be greater in one 
direction than in the other, consequently the moving 
system would be deflected by an amount proportional 
to the real power. Thus it is that a dynamometer 
wattmeter takes account of power factor, and always 
indicates the true watts in the circuit. 

It should also be evident that dynamometer watt- 
meters indicate truly whatever the frequency and form 
of the pressure and current waves. 

54. WESTON DYNAMOMETER WATTMETER. — Figs. 
106 and 106 a give front and back views of the Weston 
dynamometer wattmeter, which may be used on either 
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alternating or continuous- current circuits; and which, 
as seen, is generally graduated in kilowatts. In Fig, 




Fig. 106. Fig. 106a. 

Weston Wattmeter (External Front and Back Vie-ws). 

106 a, the two top terminals are for the pressure and 
the two bottom ones for the current. 

The internal arrangements are shown diagramma- 
tically in Fig. 107. C, C are two fixed thick-wire current 
coils connected in 
aeries to the cur- 
rent terminals /, I ; 
and MG is the 
movable fine' wire 
coil connected (in 
series with the 
non-inductive re- 
sistance R) to the 
voltage terminals 
V, V. The fixed 
and moving coils 
thus act as current and pressure coils respectively, and 
measure simultaneously the current and p.d., and hence 
the true watts in the circuit. 

The actual arrangement of the interior is seen in 
Fig. 108. O are the two current coils connected to 
inside terminals at t, i. MC is the moving coil which— 



Fig. 107. — Internal Connection! of Weston 
Wattmeter. 


Weston Wattmeter 
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together with the pointer p — is mounted on the deli- 
cately-pivoted spindle s. The ends of MG are con- 
nected to the spring* connectors b f b' } in a manner 
described presently, w is a wire connecting spring b 
with one of the pressure terminals in Fig. 106a ; the 



Fig. 108. — Intsrior of Weiton Wattmeter. 


wire u?' connects spring b ' to one end of the resistance R, 
the other end of which is joined-up to the other pressure 
terminal in Fig. 106a. R consists of series-connected 
sections of special resistance-wire wound on micanite 
sheets. 

Fig. 109 shows the complete moving portion of the 
instrument, which may be described as follows : s is 
an aluminium-alloy spindle or staff with hardened- 
steel pivots p, p, which are supported in sapphire 
centres on the fixed frame. MG is the moving coil, p 
the pointer, w an adjustable counterweight, and V t 7 



1 66 Alternating-Current Work [chap, in 

aluminium damping vanes which are enclosed in air 
chambers AC (Figs. 108 and 110), and so render the 
instrument dead beat. 

SS are two light spiral springs coiled in opposite 
directions. These springs fulfil a double purpose. 



Fig. 109. — MoTiog Portion of Weston Wattmeter, 

Firstly, they act as the controlling force of the instru- 
ment ; that is' to say, the electrical deflection of the mov- 
ing coil takes place against the force of these springs, 
which tend to keep the coil and pointer in the zero 
position. The other function of the springs is to lead 
the pressure current into and out from MC ; their 
outer ends being connected to lugs to which the spring- 
connectors 6, V (Fig. 108) are also joined. One of 
these lugs or “ abutments " l has a small range of move- 
ment about the top bearing, to allow of the zero 
adjustment of the instrument by means of the screw 
seen just above the N near the bottom of the front of 




§ 55.] Wattmeter Connections 167 

the cover (Fig. 106). This screw operates a lever fitting 
in the fork on l. 

Fig. 110 shows the frame support for the coils, 
the holder for the lower sapphire centre, and the air 
chambers AC, AC, with their covers removed. The 
vanes V } V (Fig. 

109) fit these 
chambers very 
closely, without 
touching of course. 

55. CONNEC 
TION OF SINGLE 
PHASE WATT 
METERS IN CIR- 
CUIT. — The 
various methods of* 
connecting single- 
phase wattmeters, 
described below, 
relate more par- 
ticularly to Weston 
dynamometer 
wattmeters ; but 
instruments of 
other makes are 
dealt with in very much the same manner. 

The comparatively low-reading instrument in Fig. 
106 may be connected directly in circuit, as seen in 
Fig. Ill, provided the pressure and currents do not 
exceed 300 volts and 20 amperes respectively. The 
current range may be increased up to 100 amperes 
by providing a thicker winding on the fixed coils, and 
larger terminals than those seen in Fig. 106 A. For 
pressures of from 300 to 150 volts, and currents not 
exceeding 100 amperes, the connections are as Fig. 112; 



Fig. 110. — Portion of Framt of Weston 
Wattmeter showing Air-Damper 
Chambers. 
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an external resistance R being connected in the pressure 
circuit. 

If the current exceeds 100 amperes, and the pressure 




Fig. 111. — Diroot Connection of 
Wattmeter in Circuit. 


Fig. 112. — Connection of Watt- 
meter with External Resist- 
ance in Preasore Circuit. 


is not above 750 volts, a current transformer (p. 259) is 
used, as shown at CT (Fig. 113). 

If both the pressure and the current exceed the limits 



Fig. 113.— Connection of Watt- 
meter through Current 
Transformer. 



Fig. 114. — Connection of Watt- 
meter throngh Current and 
Potential Transformers. 


mentioned above, besides the current transformer, either 
an external resistance or a potential ( i.e step-down) 
transformer (p. 228) is inserted in the pressure circuit 
The resistance is used for medium pressures, and the 


Two-Phase Power 
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transformer for high pressures. The latter case is illus- 
trated in Fig. 1 1 4*, where PZ r is the potential transformer. 

The connection of one side of each circuit to earth 
is a safety precaution in case of leakage from the 
primary circuit of either transformer, and does not 
affect the proper working of the instrument. 

It will be evident from the above diagrams, especially 
from Fig. 114, that 
there is practically no 
limit to the range in Cl 
kilowatts for which a 
comparatively small 
and light instrument ^ 
like that in Fig. 106, 
may be adjusted and 
graduated. But an 115. — Connection of Wattmeter* in 

. . a Two-Phase Circuit. 

instrument intended 

for connection through a resistance, or transformer, or 
transformers, will of course only read correctly when 
connected with the particular external apparatus sent 
out with it. 

56. MEASUREMENT OF POWER IN A TWO-PHASE 
CIRCUIT. — Fig. 115 shows the use of two wattmeters, 
W 1 and W 2> in measuring the power in a two-phase 
circuit ; a and 6 representing the two phases, which in 
this connection can be considered simply as two separate 
single-phase circuits, a and b may be the windings of a 
motor, or those of an alternator, 

The sum of the readings of W l and W 2 will always 
give the total power in the two phases under all 
conditions of load. 

If the two phases were balanced, i e., if the current, 
voltage, and power factor of the one were the same as 
those of the other, the total power could be obtained by 
doubling the reading of one of the wattmeters, and 

?— <'f.5ioi) 
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dispensing with the aecond. But as the load on a 
two-phase circuit is generally more or less unbalanced, 
it is better, when accuracy is required, to use two 
instruments and add their readings. 

In Fig. 115 the wattmeters are shown connected 
directly in circuit ; but even if they were connected 
through transformers, the above explanation would still 
hold good. This applies to Figs. 116 and 117 also. 

57. MEASUREMENT OF POWER IN A THREE- 
PHASE CIRCUIT.— The power in a star-connected three- 



Fig. 116. — Three-Wattmeter Method of Measuring Power in » 
Three-Phaee Circuit. 

wire three-phase circuit can be measured with either 
three or two wattmeters ; hence we have the three- 
wattmeter method and the two-wattineter method. With 
a mesh-connected circuit, the two-wattmeter method 
is the more convenient. 

Fig. 116 illustrates the three-wattmeter method; 
a, h, and c being the star-connected phases. The 
latter may be looked upon as three single-phase circuits, 
and the power in each is measured by the wattmeters 
W v W v and W t , the pressure coilB of which are con- 
nected across their respective phases. The sum of the 
readings of the three instruments gives the total power 
in the three-phase circuit. 
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If the circuit be balanced, it would suffice to use one 
wattmeter only, connected to one line and phase as at 
W 1 in Fig. 116. The reading so obtained, multiplied 
by three, would give the total power. 

When, in the case of a star- connected circuit, the 
neutral point cannot be got at for making the necessary 
connections, or when the windings are in mesh, the 
two-wattmeter method is employed. 

The connections for this method are depicted in 
Fig. 117, the mesh arrangement of windings being 



Fig. 117. — Two-Wattmater Method of Measuring Power in a 
Thrae-Phaua Circuit. 


dotted. Here it will be seen that the current coils 
are connected in series with two of the three line 
conductors, the pressure coils being joined-up between 
these two conductors and the third. With this method 
of connection, it can be shown mathematically that the 
algebraic sum of the readiugs on W x and PT Z will give 
the total power under all conditions of load. 

With a power factor below *5, it will be found that 
the pointer of one of the wattmeters will tend to 
deflect the wrong side of zero. When Shis is so, the 
pressure connections of the reverse-readiug instrument 
must be reversed. Its reading, however, must still bo 
considered as negative, and must therefore be sub' 
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tracted from the reading of the other instrument ; this 
giving the algebraic sum of the readings. The reasons 
for the above procedure cannot be explained here, as 
this would entail a certain amount of trigonometry. 

When the p.f. is above '5, both instruments will read 
in the same direction, i.e. f they will both be +; and 
their algebraic sum will be got by adding them 
together. 

It may be mentioned that single instruments com- 
bining the two-wattmeter principle are available for 
two- or three-phase circuits ; but it is better for the 
beginner to consider separate instruments only. 

With a four-wire three-phase system, the three- 
wattmeter method only can be used. 


CHAPTER III.— QUESTIONS. 

In answering these Questions give Sketches wherever possible. 

Note.— Questions marked* range slightly beyond the subject- matter of 
this Book. Those marked f can only be partly answered therefrom. 


1. Deduce a mathematical expression for the power in an 
alternating-current circuit in which a phase difference exists, 
(Grade //., A.C., 1912.) 

2. Define the termfe, power factor, impedance, periodicity, 
and state if auy of these affect the size and method of running 
cables. (IViremen’s Final , 1913.) 

f3. Define the term power factor in relation to any alter- 
nating-current apparatus or circuit. Why is the power factor 
of a distribution system that works through feeders and step- 
down transformers not constant at all loads ? How can such 
a system be worked so as to improve the power factor 1 What 



chap, m.] Questions 1 7 3 

disadvantage has a low power factor (a) to the consumer; (b) 
to the station engineer? (Onf., A.C. , 1908.) 

4. The power factor on a three-phase public supply system 
is found to be very low, viz. 0 65 : what steps can be taken 
to improve this ? ( A.M.I.E.E . Exam., 1914.) 

5. Show in & general way by a vector diagram that it is 
possible to improve the power factor of a circuit by means of 
an alternating synchronous motor. ( Grade II., A.C., 1913.) 

6. A certain motor takes a current of 30 amperes at a 
pressure of 200 volts and 50 frequency. The power factor is 
0*8, lagging. The motor is shunted by a liquid condenser of 
adjustable capacity. To what value must you adjust the 
capacity so that the current taken from the supply circuit 
shall be a minimum? (Grade II., A.C., 1912.) 

Arts. 287 mfds. 

7. What brake horse power would be required in an engine 
to drive (a) a D.C. generator having an output of 230 volts 
500 amperes at an efficiency of 85 per cent., and (b) an A.C. 
generator having the same output with an efficiency of 82 per 
cent, and a power factor of 85 per cent. ( JViremen’s Final , 
1913.) 

Ans. (a) 181 b.h.p. ; { b ) 160 b.h.p. 

8. An inductive coil takes a current of 10 amperes (effective 
or virtual value) when the potential difference between its 
terminals is 120 virtual volts at 50 frequency. Its resistance 
is 5 ohms. Calculate the power absorbed by the coil, its 
coefficient of self-induction, and the angle of phase difference 
between current and terminal voltage. ( Grade II., A.C. , 
1912.) 

Ans. 500 watts ; 0347 henry; 65'. 

|9. Show, by means of a vector diagram, the relations 
between the pressures and currents in a two-phase three-wire 
distributing system to which induction motors are connected. 
In what circumstances could a system of this character con- 
ceivably be employed with advantage? (Final, 1st Paper, 
1912.) 

tlO. Explain the following terms : — Simple parallel circuit; 
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simple aeries circuit ; series-parallel circuit; three-wire supply; 
three-phase supply ; two-phase supply. Make a simple diagram 
of each. (fFiremeris First, 1911.) 

11. What is the relation between the line volts and phase 
volts, and that between the line current and phase current, in 
a three-phase star-connected alternator 1 If one of the phase 
windings of a three-phase alternator is connected up wrongly, 
how would the line voltage be affected 1 ( Ord ., A.C., 1910.) 

12. Each of the three circuits of a three-phase alternator 
gives a terminal potential difference of 1000 volts, and carries 
60 amperes. What will be the voltage and current in the 
external circuit if the three circuit? in the alternator are 
connected (a) in mesh, (6) in star? (Ord., A.C., 1911.) 

Ans. (a) 1000 volts, 104 amps. ; ( b ) 1730 volts, 60 amps. 

13. It is proposed to distribute energy by a three-phase 
4-wire system, and the declared pressure at the consumers’ 
terminals is 220 volts. For what pressure should a three- 
phase motor be wound, and how should the whole installation 
of motors and lighting be connected so as to prevent any 
unbalancing of such a distribution system 1 (AMJ.E.E. 
Exam., 1914.) 

A ns. 380 volts. 

14. Discuss the value of the voltage to earth of the terminals 
on a three-phase star-connected generator with its star-point 
(a) earthed, (b) insulated. In case ( b ) what is the voltage to 
earth of each of the terminals when one of the terminals is 
grounded? How is your answer modified if the machine is 
mesh connected? (Final, lsf Paper, 1914.) 

15. The capacity measured by a ballistic galvanometer 
between two conductors of a three-phase cable is 1*5 micro- 
farads. What charging current will the cable take when 
connected to three-phase terminals with a line pressure of 
10,000 volts at 50 frequency ? (Grade II., A.C., 1912.) 

Ans. 8*15 amps. 

16. Deduce an expression for the power in a single-phase 
alternating-current circuit in which a phase difference exists, 
*nd give the power in a three-phase circuit with balanced load 
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in terms of the line voltage and current, ( Grade II., A.C., 
1914.) 

17. The input to a three phase star-connected line is 10,000 
k.v.a., and the initial pressure is 30,000 volts between phases, 
the power factor being 0*95. The line is designed for a 
pressure drop of 10 per cent of the initial pressure. 

State— 

(a) The current in each conductor. 

{ b ) The voltage between each conductor and the neutral 
point at the receiving end. 

(c) The total energy received at the end of the line. 
(A.M.LE.R Exam., 1914.) 

Ans. (a) 192 amps. ; (b) 15,600 volts ; (c) 8550 kelvins or 
B.o.T. units per hour. 

•18. Two identical installations, one supplied with three- 
phase alternating, and one with direct current, each take a 
steady load of 10 electrical H.P. at 200 volts. What is the line 
current in each case, and how many Board of Trade units 
would be consumed per hour, assuming the power factor of 
the A.C. circuit to be 0*85 1 (Wiremtris Final, 1914.) 

ins. (A.C.) 25 S amps., (C.C.) 37'3 amps., 7'46 kelvins 
or B.o.T. units. 

f 19. Determine the relative weights of copper required 
in the transmission lines to supply a given power over a given 
distance at the same efficiency of line, when the transmission 
is made by (a) continuous current, (b) single-phase alternating 
current, (c) three-phase alternating current. The maximum 
voltage to earth of any one wire is to be the same iii each 
case. How is the problem affected by the power factor if 
alternating current is used ? (Grade II., A.C., 1914.) 

Ans. 2:4:1. Assuming 2-wire continuous current and 
2-wire single-phase, each with one side earthed ; and a three- 
phase star with neutral point earthed; and unity p.f. 

*20. A certain factory is fed from a three-phase 50-cycle 
supply by means of a long aerial line. The kilovolt amperes 
measured at the factory are 1040 at a lagging power factor of 
0 75, the voltage being 6000. Find the voltage at the 
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generating station if the resistance of each of the three-line 
wires is I ohm and the coefficient of self-induction 0'006 
henry. If now there is installed a synchronous motor, which 
takes an input of 900 K.V.A. at 0 6 power-factor leading, in 
addition to the other load, find the voltage at the generating 
station. (Final, 2nd Paper, 1913.) 

4ns. 6330 volts and 6210 volts. 

21. Explain the principle of the electro-dynamometer, and 
show that if calibrated with a continuous current it will 
indicate the virtual value of an alternating current. ( Ord. t 
A.C., 1911.) 

22. Describe, giving diagram of essential parts and con- 
nections, some form of wattmeter suitable for an alternating- 
current circuit in which the power factor may be considerably 
less than unity. (Grade //., A,C. t 1912.) 

1 23. In a three-phase system the phases are unequally 
loaded. Show how by the use of two wattmeters you can 
determine the total power transmitted. (Grade II., A.C., 
1912.) 

f24. Explain with diagram of connections the method of 
measuring power in a three-phase circuit by means of two 
wattmeters, assuming the loading to be un&ymractrieal. 
(Grade //., A.C. t 1914.) 



CHAPTER IV. 

ALTERNATORS. 

58. ALTERNATORS.— An alternator , or alternating- 
current generator , is a machine which supplies alterna- 
ting e.m.fs. and currents. 

Elementary two-pole single-, two-, and three-phase 
alternators and their circuits were described in §§ 4 
and 47. 

Alternators that are to be driven by ordinary (t.e., 
reciprocating) engines, may have any even number of 
poles up to forty or fifty; the precise number depending 
upon the speed at which the machine is to be run, and 
upon the frequency required. As non-reciprocating 
engines (steam-turbines) usually run at much greater 
speeds than reciprocating engines, alternators for direct- 
coupling thereto (called turbo-alternators) have a corre- 
spondingly fewer number of poles; four and six being 
very usual numbers. Alternators driven by water- 
turbines do not run at such high speeds as those 
driven. by steam-turbine8, and so have a fairly large 
number of poles. 

The connection between the frequency, the number 
of poles, and the speed of alternators was explained 
in § 8. 

An alternator — unlike a dynamo — cannot be made 
self-exciting, i.e., it cannot furnish the current for its 
own field-magnet. The continuous current necessary 
for the latter must consequently be derived from a 
small dynamo, the armature of which is in most cases 

177 
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mounted on an extension of the alternator shaft, as 
seen in Fig. 127. 

When a dynamo is used for the purpose of 
energizing the field system of an alternator or other 
machine, as just described, it is generally termed an 
exciter. Sometimes the exciter supplies the exciting 
current for a number of alternators, whose field circuits 
are connected in parallel thereto. It is then driven by 
a separate engine, or by an electric motor. 

59. CLASSIFICATION OF ALTERNATORS— As re- 
gards the kind of current that may be derived from 
them, alternators are of three principal types, viz.: — 


(i.) Single-phase, 
(ii.) Two-phase, 
(iii.) Three-phase. 



lase, 


As will be explained presently, the essential differ- 
ence between these three kinds of generator lies in 
the winding of the armature only ; the form of the 
machine, and the arrangement of the field-magnet, being 
practically the same in all three cases. 

Alternators, whether single-phase or polyphase, may 
also be classified in another way :■ — 

(а) Those with fixed armature and rotating field- 
magnet (f.m.) 

(б) Those with fixed f.m. and rotating armature. 

The rotating part of an alternator (or of a motor) is 

often termed the rotor, and the fixed part the stator. 

One essential difference betweeu an alternator and a 
dynamo is that there is no commutator in the former; 
the armature windings having two, three, or four ends 
which pass direct to the terminals in class (a), and 
through slip-rings and brushes to the terminals in 
class (6). 

All except very small alternators belong to class (a), 
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and examples of this class arc shown in Figs. 125 to 
131. As the e.m.fs. generated in large machines may 
in some cases be as high as 6000 volts or more, it is 
obviously of advantage to have the armature windings 
on the stator. With this arrangement, the mounting, 
insulation, and ventilation of the windings is ren- 
dered easier; and the difficulties of properly insu- 
lating the slip-rings and brush connections to with- 
stand the high voltage are avoided. The pressure at 
which current is supplied to the field-magnet ia only 
100 volts or so ; this fact and the simplicity of the 
winding being further reasons for making this portion 
of the machine the rotor. 

In alternators of the (6) class, the ends of the 
armature windings terminate at two, three, or four in- 
sulated slip-rings on the shaft; and brushes pressing 
thereon connect with the terminals of the machine. 
From what has just been stated, this class of machine 
is clearly not suitable for high voltages, and it is never 
adopted nowadays except for very small outputs. 

60. SINGLE-PHASE ALTERNATORS.— The field and 
armature circuits and the action of a multipolar single- 
phase alternator may be fairly-well grasped from Fig. 
118. Here C lt C 2 , C, C represent the armature coils, 
and N v S,N,S the field coils and poles; the former 
being fixed and the latter rotating. The armature coils 
are placed end-on to the poles in the figure, so that their 
connection together may be clearly seen ; but in reality 
they face the poles. In such a machine, the number of 
armature coils and of field-poles are equal, as shown. 

Each coil in the figure has only two turns, in order 
to simplify the diagram; and if any one coil (say Cy 
be considered, the e.m.f. is generated in the portions 
fc, k , k } k, which may be termed the conductors. Other 
things being equal, the greater the total number of such 
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conductors in series, the greater the e.m.f. of the 
machine. 

It will be clear that the e.m.fs. induced in those 
conductors passed by N. poles will be in the reverse 
direction to those induced in the conductors passed by 
S. poles. Therefore it is necessary for the coils to b* 



Fig. 118. — Connections of a Siogle-Pha§e Alternator. 


connected together alternately right-handedly and left- 
handedly, as indicated in the figure; in order that the 
e.m.fs. being -induced in their conductors at any given 
instant may all be in the same direction through the 
coil circuit. Consider, for example, the adjacent con- 
ductors k k' of the neighbouring coils C^and G v Unless 
the coils were connected as above-mentioned, the e.m.fs. 
in h and k' would oppose each other. As the field poles 
move on in the direction shown by the curved arrow, 
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the conductors previously facing N. poles will now have 
S. poles in front of them, and vice versa; the e.m.f. in all 
of them being reversed simultaneously. Thus as the poles 
move round in front of the coils, a single-phase alternating 
e.m.f., similar to that described in § 5, will be generated in 
the machine ; and single-phase currents will be set up 
in the circuits connected thereto. 

The continuous current (exciting current) for the 
revolving field-magnet is led in through the brushes 
B,B, and the contact or slip-rings R,R. A simple 
perspective view of such brushes and rings was given 
in Fig. 13; and actual slip-rings are shown at r in 
Fig. 126. ‘ 

The number of reversals of the e.m.f. during on# 
revolution of the rotor will be equal to the number of 
poles on the field-magnet. Thus, while iVj is in the 
position shown in Fig. 118, the e.m.fs. in the conductors 
k,k' will be in one direction, but will be reversed when 
the adjacent S. pole has reached this position. As there 
are two reversals of e.m.f. in each cycle (§ 7), the 
frequency of an alternator ia equal to half the number 
of maguet-polea multiplied by the number of revolutions 
per second. In other words, the frequency is equal to 
the revolutions per minute divided by 60 and multiplied 
by the number of pairs of poles. (See Formula 1, 
page 34.) 

The frequencies of alternators in British generating 
stations vary from about 25 to 100 cycles per second. 
(See §7.) 

Another and better way of representing the arma- 
ture windings of a single-phase alternator ia given in 
Fig, 119. This illustrates the inner cylindrical surface 
of the slotted laminated-iron core G of a 4-pole machine, 
cut across at the line l and flattened-out, with the 
windings to,w drawn diagrammatically. The whole 
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core-face is laminated, but only the portion p thereof is 
shown so in the figure. In reality, there are a number 
of conductors in each slot a, depending upon the voltage 
required and on the speed. The position .of the field- 
poles is shown by the shaded rectangles N, S, N, S. 
The winding starts at S, and finishes at F; the ends 
marked a, b, c y d , at one side of the figure being con* 



nected to the corresponding ends on the other side ; 
the conductors— like the core— being supposed to be 
cut at the line l. Thus in the actual machine there 
would be a continuous circuit from S to F. The pole 
faces N, S, N, S are supposed to be above the stator 
core G and its winding w, w; and the poles are shown 
in one of the positions where the maximum e.m.fs. are 
being generated in the conductors. Assume the poles 
to move from right to left; then the directions of the 
e.m.fs. in the various conductors (at the particular instant 
that the poles are in the positions shown) are as indicated 
by the small arrowheads*: and it should be noted that 
the connection cf the four coils 1, 2, 3, 4 is such that 
all these e.m.fs. act in the same direction, viz. from S 
to F, through the winding. 

• See “Irtft-Hand Rul# for Induction of E.M.F.” in tho Author'* 
Electric Lighting and Povcr Distribution, YoL I., S«Tenth Edition. 
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61. DISTRIBUTION OF WINDING ON A SINGLE- 
PHASE ALTERNATOR. — In Fig. 119 it will be noticed 
that a number of the stator core slots have no con- 
ductors in them ; in other words, a considerable portion 
of the core is unwound. This arrangement' is preferable 
in a single-phase alternator, for though the winding of 



(C) 



Tig. 120. —Bad Effect of ETenly-Diatributed Single-Phase Winding. 


all the slots would very slightly increase the output of 
the machine, the efficiency would be reduced. 

Let us see why this is so. Figs. 120 (a), (6), (c) and 
(i d ) show one coil of a single-phase alternator with the 
turns evenly distributed over the whole of the portion 
of the stator core surface embraced by it The shaded 
portions N> S, represent adjacent field poles and their 
positions relative to the coil; but the stator core and 
core-slots have been omitted to simplify the figure. 
The poles are supposed to be moving from right to 
left. In (a) the centre of the coil is midway between 
the two poles, so that the e.m.fs, induced in all the con- 
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ductors act in the same direction round the coil, as 
indicated by the arrowheads. In ( b ) the poles have 
shifted a quarter of a pole-pitch to the left ; pole-pitch 
being the distance between the centres of two adjacent 
poles, as shown in (a). The e.m.f. in the conductor k' 
in (6) is now in opposition to that of its four neighbours 
fc, k, k, k ; so that the resultant e.m.f. is that due to three 
active conductors only. Thus k* and its nearest k 
neighbour are practically useless so far as the produc- 
tion of useful e.m.f. is concerned; and all they do is to 
increase the heating and therefore lower the output and 
the efficiency of the machine. Another quarter of a 
pole-pitch brings one of the poles opposite the centre 
of the coil, as at (c) ; and it will be noticed that the 
e.m.fs. in the three right-hand conductors are in opposi- 
tion to those in the three left-hand ones, so that the 
coil as a whole gives no e.m.f. at all. In(c£).we have 
the same effect as in (6), but on the other side of the 
S. pole. Another quarter-pitch movement of the poles 
would bring us back to a position similar to that 
in (a), except that a S. pole would be on the left and a 
N. pole on the right. 

The above Bhows that, in & single-phase alternator 
with an evenly-distributed winding, the e.m.fs. in the 
inside conductors of all the coils would oppose each other 
during the greater part of the movement of the poles 
through a complete pole-pitch. This effect is known 
as differential action ; and the increase of terminal 
voltage due to the use of the inBide conductors c, c, when 
in their best position (Fig. 120 (a) ), is not sufficient to 
justify the extra cost of material and of winding. In 
addition, these particular conductors increase the resist- 
ance and the reactance of the winding; so that the 
efficiency of the machine is decreased, and its regulation 
(§ 68) is impaired. 
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The general practice, therefore, is to open out the 
coile as in Fig. 119, so that a portion of the core inside 
each coil is left with vacant slots. In this figure it will 
be noticed that half the total number of slots are 
vacant; and in practice the actual number varies from 
one-third to one-half. 

62. TWO- AND THREE-PHASE ALTERNATORS.— 

As stated in § 47, in a two-phase alternator there are 
two distinct sets of coils ; and these are arranged alter- 
nately round the frame. Fig. 121 represents such a 



winding for a four-pole machine, the core and core-slots 
shown in the kindred Fig. 119 being omitted in order 
to simplify the illustration. 

The phase winding shown by a continuous or full 
line, starting at S l and finishing at F v is identically 
the same as that in Fig. 119. The second phase wind- 
ing (shown dotted) begins at S 2 and ends at F 2 , the 
only difference between it and the first phase being that 
it is wound half a pole-pitch to the right. It occupies, 
in fact, the slots which would be vacant in a single- 
phase machine. 

The end connections or end windings, e t t , of one of 
the phases have to be made of a different shape from 
those e e' of the other, in order that they shall lie out 
of the way of the latter. This is accomplished by 
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bending the ends ( i.e end-connections) of one of the 
sets of coils outwards, whilst the other set is kept flat. 
This arrangement will be understood from Figs 125 
and 217. 

Fig. 122 shows diagrainmatically the manner in 
which three sets of coils, each similar to that in 
Fig. 119, can be arranged on a three-phase alternator; 
the different kinds of lines indicating the three different 
phase windings. For simplicity, each coil has been 
shown with only one turn; but in reality, of course, 



Fig. 122. —Three-Phase Winding with Three Different Shipei 
of Coila. 


in this and in Figs. 119, 121, etc., there would be a 
large number of turns on each coil. Each phase is 
connected exactly as in Fig. 119; the second phase 
S i being wound two-thirds of a pole-pitch, to the 
right of the first phase, while the third phase S z F z is 
wound still another two-thirds of a pole-pitch to the 
right. Thus all the core slots are occupied by con- 
ductors, one- third of the total number being allotted 
to each phase. It should be noted that this arrange- 
ment agrees with the relations between the three-phas* 
coils shown in Fig. 97. 

In Fig. 122, 1,1 are portions of one coil and SJt 
portions of another ; and they would look more like 
coils if each had another turn : but if all three phases 
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were dealt with in this way, the extra number of lines 
would complicate the figure. 1 However, if we take one 
phase only, and show it with two turns per coil, as in 
Fig. 123; the fact that there are as many coils per 
phase as there are poles in Fig. 122, is., four coils in all, 
Bhould be made quite clear. 

From an examination of Fig. 122, it is evident that 
at several places, for example at X, the end connections 
or end windings of all the three phases overlap ; and 
consequently these portions of each of the three seta 



*S, iF, 

Fig. 123. —One Phnaa of Fig- 122 with Two Tarns per Coil. 

of coils would have to be different in shape in order 
to clear one another, Such coils would be troublesome 
and expensive to wind and place in position ; and to 
avoid this, it is customary to arrange them in the 
manner shown in Fig. 124. Here, instead of having 
as many coils per phase as there are poles, there are 
only half the number. Thus, in the actual case under 
consideration, there are only two coils per phase, each 
with two complete turns. The advantage of this 
arrangement of the winding is that at no point do the 
end portions of all three phases overlap as they do at 
X in Fig. 122; so that the expense and difficulties 
already alluded to are avoided. 

Now as there are only two coils per phase in 
Fig. 124 and four in Fig. 122, it might seem that there 
would be some difference in the e.m.f. generated in the 
two cases. The e.m.f. would be the same in each case, 
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however, for the simple reason that each method of 
winding gives the same number of conductors in series 
per phase, viz. eight. Thus in considering what e.m.f. 
an alternator will give, the number of conductors in 
series per phase, not the number of coils, is what 
matters. 

Actual examples of this type of winding are shown 
in Figs. 125, 130, and 217. 

When there are only a few conductors per slot, as 
in low-voltage machines, it may be more convenient to 



employ & different method of winding. Examples of the 
latter, with diagrams of the connections, are given in 
Figs. 219, 220, 223, and 224. These windings are 
arranged very similarly to those on the armatures of 
continuous-current machines ; but on comparing them 
with Fig. 124, it will be seen that they give exactly 
the same results. Their chief advantage consists in 
the simplicity of the end-connections, especially where 
thick conductors have to be employed. 

It has been explained that the windings of three- 
phase machines can be connected either in star or in 
mesh. For the star connection, three ends (one of each 
phase) are joined together to form the neutral point. 
In Fig. 124, for example, the leads S v S 2 , and would 
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be connected to the three main terminals of the 
machine; while the ends F v F v and b\ would be 
sweated together to form the neutral point. The latter 
is sometimes connected to a fourth terminal, which can 
then be used for earthing the neutral point, or for con- 
necting the fourth cable in a four-wire system (Fig. 
105). 

If the windings in Fig. 123 were to be mesh- 
connected, F l would be joined to S it F 2 to and 
to the three points of connection being joined-up 
to the three terminals of the alternator. 

63. LANCASHIRE DYNAMO AND MOTOR CO/S 
ALTERNATOR. — In selecting actual alternators for 
illustration and description, it is difficult to make a 
choice from the numerous makes. Thus the particular 
machine shown in this section, as well as those in the 
next two, have been chosen very much at random. The 
alternator illustrated in Fig. 127 may be termed an 
ordinary form, because its construction adapts it for 
speeds midway between the slow-speed machine illus- 
trated in Fig. 128, and the high-speed machine dealt 
with in § 65. 

Fig. 125 illustrates the stator of a three-phase 
machine. The core C is built of annealed mild-steel 
stampings, with a number of ventilating ducts or 
spaces s to allow for efficient cooling. The winding is 
arranged on the method shown in Fig 124 ; the groups 
of coils marked e 1 belonging to one phase, those marked 
e 2 to the second phase, and those marked e s to the third 
phase. There are five groups of coils in each phase ; 
and since, in Fig. 124, one group of turns per phase 
corresponds to two poles, it follows that the stator in 
Fig. 124 has been wound for a ten-pole field. 

A view of the rotor is given in Fig. 126, where 
p, p, p are the faces or tips of three of the ten poles. 



190 Alternating-Current Work [chap. iy. 

The pole cores are constructed either of cast-steel or of 
nrikl-steel laminations, are rectangular in shape, and 
are bolted round the periphery of a cast-steel flywheel 



Amounted on the shaft & The field coils are gener- 
ally wound with copper strip on edge, as with round 
wire there is a tendency for the outer turns to work 
out of position or “ roll over ” one another under the 


Fig. 125. Alternator Stator (Zanci. Dyn. and Motor Co.). 
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action of centrifugal force. The sides of two of the 
coils are visible at k,k] and each coil is kept in place 
partly by the brass clamps and partly by the pole- 



shoes or pole-tips p, which are shaped as shown at p 
in Fig 126 a. The gaps in /are for saving weight and 
for ventilation, these clamps butting right onto the side 
of the pole, There are a number of copper rods c pass- 
ing through the pole-shoes (Fig. 126 a), and these are 


Fig 126. Alternator Field-Magnet Rotor Dyn . and Motor Co.'} 
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riveted and soldered at each end to the coil clamps. The 
ends of these rods may be detected on the top two polea 
in Fig. 126. These rods go through the solid parts of 
the clamps SC, which afford a solid base for riveting 
against; and they are electrically connected together 
by the clamps, and to similar rods on adjacent poles 
through the copper 
links l, l. The pur- 
pose of these coppef 
bars is to assist in the 
running of two or 
more alternators in 
parallel ; and they are 
generally referred to 
as damper windings 
or coils. Their action 
is explained in § 91 a. 
The clamps /thus per- 
form the double duty 
of supporting the field 
coil9, and of forming part of the electrical connection 
between the copper bars c. 

F, in Fig. 126 a, is part of the flywheel on which the 
poles are mounted ; aud k are the strip pole-windings 
already referred to. 

The exciting current is led into and out of the field 
coils by two mild-steel or bronze slip-rings r mounted 
on but insulated from the shaft; W being the wire9 or 
conductors connecting these rings with the field coils, 
which are all in series. 

The rotor has two fans fitted to it, one on each aide ; 
and some of the blades can be seen in Fig. 126. The 
function of these fans is to draw in cold air and force 
it under and through the field coils and then through 
the stator core and end-connections; most of the air 
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eventually emerging through orifices o round the stator 
frame (Fig. 125). By thus “ventilating” the windings, 
or — in other words — cooling them, a greater output is 
obtained from a given machine for a given limit of 
temperature-rise. 

The machine just illustrated is intended foT direct 
coupling to its driving engine, so that it requires only 
one bearing, for which the shaft has been extended at 
8. The extreme end of S projects beyond the bearing, 
and the armature of the exciter is coupled to it. 

Fig. 127 shows a three-phase alternator arranged 
for driving by belting or ropes, the pulley being missing 
from the right-hand end of the shaft. The machine 
has two pedestal bearings. The exciter is mounted on 
a raised extension of the bedframe, and its shaft is. 
coupled to that of the alternator. The construction of 
the stator and rotor is very similar to that in Figs. 125 
and 126. The field-circuit slip-rings may be seen at the 
exciter side of the alternator. 

64. VICKERS’ FLY-WHEEL ALTERNATOR,— Fig. 128 
is an example of what is sometimes termed the “fly- 
wheel ” form of alternator, because of its large diameter. 
This form is obviously suitable for low speeds only, 
and consequently has a large number of poles. The 
particular machine illustrated has 44 poles, is wound 
for three-phase work, and is rated at 3000 kW at 6600 
volts and 60 cycles. Machines of this type and size 
have been supplied for direct-coupling to water turbines 
running at 164 r.p.m. 

Fig. 184 has been selected as representative of the rotor 
and exciter armature of a synchronous motor, but it equally- 
well represents the same portions of a fly-wheel alternator. 

65. PARSONS’ TURBO -ALTERNATORS— A turbo- 
generator is a combination of a turbine (generally a steam 
turbine) and an alternator or dynamo; more specific 
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127.— Three-Phase Alternator for Belt or Hop* Driving. {Lanct. Vyn. and Motor Co.) 
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128. SJow-Speed Flywheel Alternator, { Vickera Ltd,) 
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names being turbo -alternator and turbo -dynamo. The 
turbine is coupled direct to the electric generator, so that 
the latter revolves at the same high speed as the former, 
and consequently has very few poles — generally 4 or 6. 

The principle of the steam turbine ia very similar to 
that of the turbine water-wheel. There are, in reality, 
a number of sets of turbine blades fixed alternately to 
the stationary casing and to a rotating drum ; the steam 
passing through the sets one after the other, and causing 
the drum and its shaft to revolve at a very high speed. 

Fig. 129 illustrates a three-phase turbo-alternator 
for running at 1000 revolutions per minute (r.p.m.). 
It generates 6600 line volts and 750 line amperes, so 
that, by Formula 37, p. 162 (which can be applied to an 
alternator), its k.v.a. output is 8560. But as its load 
has a power factor of ‘7, its true output is 6000 kW.* 

'The '‘set” in Fig. 129 really comprises a steam 
turbine (the two portions at the far end), an alternator, 
and an exciter. The exciter is at the extreme front 
end of the shaft, and the length of its commutator and 
the number of its brushes shows that the exciting 
current is of considerable strength. As a matter of 
fact this current is 560 amperes at 125 volts. One of 
the slip-rings for leading the exciting current into the 
rotor or field-magnet of the alternator can be seen at 
the front end of the alternator case, the other being at 
the other end. It is interesting to note that the set 
measures nearly 55 ft. from end to end, and stands 
10 ft. 6 in. high from the floor level. No details of the 
construction of the turbine portion can be given here. 
The arrangements for lubricating such a set are of a 
very elaborate character, and most of the pipes seen 
in the figure relate to this work. 

* This particular set was supplied to the Randfontein Minos, 
South Africa. 
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greater. This dimensioning lessens the mechanical 
stresses (due to centrifugal force) in the rotating 
portion. The end windings or connections are very 
firmly “ anchored ” to the stator frame by means of 



Fig. 130.— Stator of 6000 kW Turbo- Alternator. ((7. A . Parsons A Co.) 


massive clamps bolted thereto. This precaution is 
necessary to prevent the damage that might occur 
should the machine be accidentally short-circuited. 
The large currents that would flow under such a con- 
dition would produce a very powerful magnetic drag* 
between the rotating poleg and the stator windings ; and 

* Ste the Author’s Electric Lighting and Power Distribution , Vol. L 
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this drag might be sufficient to bend and damage the 
latter if they were 
not adequately 
secured, 

This stator is 
wound with nine 
coils, arranged as 
in Fig. 124 ; each 
coil consisting of 
three groups of 
turns disposed in 
three pairs of slots. 

Thus there are 
three coils per 
phase, so that there 
are 6 rotor poles; 
and the frequency 
obtained at 1000 
r.p.m. is 50 cycles 
per second (p. 34). 

The rotor of the 
same machine is 
shown in Fig. 131, 
and is of very dif- 
ferent construction 
from those in the 
previous two sec- 
tions, Rotors with 
salient poles (i.e. 
poles projecting 
out as in Fig. 126 
and 128) are not 
suitable for turbo 
work, on account 
of the high centrifugal stresses produced in the field 



Fijj, 131, — Rutor of DOOOkW Turbo- Alternator. ( C . A. Partont A C 
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coils tending to destroy the insulation by causing 
compression between neighbouring turns, and also tend- 
ing to throw some of the turns out of place. The 
rotor in Fig. 131 consists of a forged-steel shaft with a 
core formed of thick discs of steel boiler-plate rigidly 
mounted on it. The use of thick discs is permissible 
here, because the polarity of any given portion of the 
core does not change, and therefore there is no tendency 
for eddy currents to be generated. 

Both axial and radial ducts are provided for 
ventilation of the core. In other words, there are 
air passages through the core from end to end parallel 
with the shaft; and numerous others at right angles 
to these between the core plates. The latter, which 
are the radial air ducts, are visible io the figure. At 
each end of the rotor can be seen a fan with a large 
number of blades. These fans force air into the axial 
air ducts from their respective ends, the air emerging 
from the surface of the core through the radial ducts, 
and then passing into and through similar ducts in the 
stator core. , 

The field* windings are placed in groups of slots 
running from end to end of the core, and are held 
securely in place by bronze keys or wedges as described 
presently. The end portions of the wipdings are 
strongly supported and held in position under the 
massive rings or collars adjacent to the fans in 
Fig. 131. 

Two groups of slots and a portion of a third, and 
two portions of unslotted core showing the orifices of 
the radial ventilating ducts, will be seen in Fig. 131. 
The field- windings till all the slots, and the unslotted 
portions — of which there are six — form the poles. 

The arrangement of the windings will be better 
understood from Fig. 132, where a portion of the core 
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and the coil producing one pole P+^-P are shown, 
though not to scale. The area of the pole-face for in- 
stance should be relatively larger than is indicated. 
The shaft is omitted. L L represent some of the steel 
discs separated from one another by the radial ventilat- 
ing ducts D D. The windings W, each consisting of a 
number of turns, are first wound on blocks or “formers” 
to their correct shape, then inserted in the slots, and 



, Fig. 1S2.— Arrangement of Rotor Winding of Turbo-Alternator. 


fixed down by the bronze “keys” or wedge strips K K , 
each of these running the whole length of the core. 
The end of one set of turns and the beginning of 
the next are connected together at the points c, the 
whole forming one pole coil with ends at e e. These 
ends are connected to the adjacent coils, and the two 
ends remaining after all the coils have been joined 
together in series are connected to the slip-rings already 
referred to. 

The coils must be so interconnected that the poles 
alternate in polarity, as shown diagram matically in 
Fig. 133, which represents a four-pole winding flattened 
out, and with only two turns per coil. Here SR, SR 
are the slip-rings, and N, S> N t S, the poles. The core is 

i — (T.5101) 



262 Alternating-Current Work [chap. it. 

not shown. When in position, the conductors c, c, 
would lie in adjacent slots. 

The makers of the above-described three-phase 
turbo-alternator built in 1913 what was then the 
largest machine of this kind in the world. This has 
an output of no less than 25,000 kW, and an overall 
length of 76 feet; its height from the floor level 

being over 15 
feet. The 
condenser be- 
neath the tur- 
bine extends 
to 14 feet be- 
low the floor. 
Considering 
that turbo- 

Fig. 133. — Connections of Rotor Winding. generators of 

one- fifth the 

Above size were the largest built six or seven years 
ago, the progress made is wonderful. And it is in- 
teresting to know that the head of the above firm (the 
late Sir Chas A. Parsons) invented the first practical 
steam turbine thirty-one years ago (1384), and that this 
engine (of 6 h.p.) was coupled to a- dynamo. This 
historical set is to be seen at the South Kensington 
Museum. 

The General Electric Co. of America has quite 
recently built a turbo-alternator with a capacity of 
30,000 kW, i.e., 40,200 e.h.p ! It runs at a speed of 150 0 
r.p.m., and generates 9000 volts at 25 cycles. 

66 . E.M.F. OP ALTERNATORS.— If the flux entering 
the stator of an alternator from one pole of the rotor be 
F, and if the number of pairs of poles be p, the total 
number of lines of force cutting a conductor in one 
revolution will be the product of the flux per pole and 
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2 «; 
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the number of poles; i.e, y the flux cutting one conductor 
in one revolution =* 2 p F, 

If the speed of the alternator is R revolutions per 
minute, and the frequency is / cycles per second, and 

a8 (p- 31 )- 

then 

Flux cutting one conductor in one second 

= 2 ? F *ro= 2 Fx t= 2/F 

Therefore, from what was said on p. 95, it follows 
that : — 

2/F 

the average e.m.f. induced in one conductor volts. 

” 10 8 

The meaning of average e.m.f. was explained on p. 79, 
and it was there shown that, for a sine wave, the 
virtual voltage =slTI x average voltage. 

Virtual e.m.f, induced in each conductor = 22 2-^* 


Let N be the number of conductors in series per 
phase on an alternator ; then, if the e.m.fs. induced in 
all the conductors were in phase, that is to say, if the 
e.m.fs. in all the conductors reached their maxima at 
exactly the same time, the virtual e.m.f, induced in each 
phase would be : — 


2-22A T /F 

10 8 


volts. 


( 39 ) 


But the above formula requires modifying slightly 
before it can be applied to an actual alternator, for the 
simple reason that the conductors on any one coil are 
not all in their best e.m.f. positions (opposite the centres 
of poles), or in their zero positions (midway between the 
centres of adjacent poles), at exactly the same time. 

Consider Fig. 134 for example (showing one of the 
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coils in Fig. 124), and assume that the poles are moving 
in the direction indicated by the arrow. It will be 
evident that the e.mis. induced in conductors 1 and 3 
will have their maximum and zero values a little later 
than the corresponding values in conductors 2 and 4. 
The resultaut e.m.f. will consequently be less than if 1 
and 2 were in one slot and 3 and 4 in another ; and it can 
be calculated by a vector diagram as in Fig. 135, where 
OA is the sum of the e.mis. of 1 and 3, and OB that 



Fig. 134. — E M. Fa. in an Fig. 135. — Vector Dia- 

Alternator Coil. gram of E.M.Va. in 

au Alternator Coil. 


of 2 and 4. The resultant e.m.f. is then given by OC, 
and is obviously less than the arithmetical sum of OA 
and OB. 

Hence, in actual alternators, the voltage induced is 
less than the value given by Formula 39, the amount 
depending upon the distribution of the winding. The 
formula must therefore be modified by the addition of 
a factor k , which may be termed the winding fador t 
and which varies in practice from '9 to unity. 

Thus : — 

Virtual e.m.f. per phase = volts. ( 40 ) 

The more distributed the winding, the less is the 
value of k. 

67. 8YNCHE0NIZING OF ALTERNATORS.— When 
we think of the number of times the current from an 
alternator changes in direction in the course of a second! 
it is difficult to understand how such machines can be 
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made to feed in parallel into the bus-bars of a generate 
ing station. In early days this apparent difficulty was 
thought to be insurmountable, but it was eventually 
overcome, alternators being now practically always 
eonnected together in this way. 

Suppose there are one or more machines already 
feeding into the bus-bars, and it is desired to switch-in 
another. Before doing this, the “ incoming ” machine 
must not only have the same voltage as those already 
working, but must also be synchronized with them : 
that is to say, it must be run-up to exactly the same 
frequency as, and its alternations got into step with 
those of the machines on the bus- bars. When once 
synchronized and switched-in with the others, all the 
machines tend to keep one another in step. 

One method of synchronizing is as follows. The 
primaries p y p of two step-down transformers (§ 76) are 
connected, one to the bus-bars, and the other to the 
machine to be synchronized; while the secondaries s, s 
are joined-up in series and connected to an incandescent 
lamp and a voltmeter, as depicted in Fig. 136. The 
lamp should be a carbon-filament one, so as to be very 
susceptible to changes in the current through it; and 
it must be suited to the full voltage of s+s. 

The windings of the transformers are so connected 
'that when the e.m.fs. in the secondaries are in step, they 
work together; but if out of step, they oppose each 
other more or less. If the frequency ( i.e. t the speed) 
of the alternator to be switched-in is not correct, the 
lamp lights up and goes out at rapid intervals. The 
speed of the machine must then be adjusted until the 
light of the lamp rises and falls only a few times a 
minute, this showing that the speed and therefore the 
frequency also are correct. The machine is then 
switched-in at the moment the lamp is at full in- 
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candescence, and the voltmeter reading is at its maximum ; 
this indicating that the machine is then in synchronism with 
the others. Before closing the switch, the alternator voltage 
must of course he adjusted to correspond with that of the 
bus-bars. 

A more recent arrangement than that shown in Fig. 136 
indicates not only synchronism, but also if the incoming 
alternator is running too fast or too slow, or if it is out of 



Fig. 136. — Synchronizing Arrangement for Alternators. 

phase simply. This type, an example of which is given in 
Fig. 136a, is termed a rotary synchronizer , as it has a rotating 
pointer which moves in one direction or the other while the 
incoming machine is out of synchronism. If the pointer 
rotates clockwise, the incoming machine ia too fast ; if anti- 
clockwise, the machine is too slow. 

The principle of this instrument is shown in Figs. 136b 
and 136c. The essential part of the apparatus consists of a 
miniature slip-ring motor. The stator and rotor are both 
wound for two phases (p. 185), and in series with these are 
connected non-inductive resistances R^ R 2 (in the form of 
incandescent lamps) and choking coils Cj C ^ the connections 
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to the rotor being made bv means of three slip-rings SB. In 
§ 107 it is explained that with such an arrangement of coils, 
resistances, and chokers, a single-phase current is split-up into 
two currents differing considerably in phase, and that a 
rotating magnetic field is set 
up in consequence. Thus in 
Fig. 136b, the windings A x and 
B x produce a rotating field, the 
speed of which depends upon 
the frequency of the busbar 
supply; and windings A 2 and 
B 2 also set up a rotating field, 
whose speed corresponds to the 
frequency of the incoming alter- 
nator. It is arranged that these 
two fields (indicated by N x S x 
and N 2 S 2 respectively in Fig. 

136c) shall rotate in the same 
direction ; and it will be evident 
that owing to magnetic attrac- 
tion between N 2 S 2 and N 2 S v the rotor field N 2 S 2 will 
always endeavour to follow the stator field. 

If the two fields are rotating at the same speed, t.«., if the 
frequency of the incoming machine is the same as that of 



Fig. 136b. — The Principle of the Synchroscope. 

the bus-bars, the rotor will remain stationary. But suppose 
the two frequencies are not the satfce, and that A T , S x ia 
rotating at, say, 1500 r.p.m., and N 2 S 2 at 1400 r.p.m., when 
the rotor is at a standstill ; then, in order that N 2 S 2 may 



Fig. 136a. — Rotary Synchronizer 
or Synchroscope. {Everett, 
Edgcumbe.) 
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still keep pace with JVj S v the rotor must rotate in the same 
direction, counter-clockwise in Fig* 136c), at the rate of 
100 r.p.m. The pointer which is attached to the rotor would 
thus travel round the dial in Fig. 136a, at 100 rp.m. in the 
direction marked “Slow.” On the other hand, suppose 
S 2 is rotating at 1600 r.p.m. when the rotor is held 
stationary, due to the incoming alternator running at too 
high a frequency ; then for iV 2 S 2 still to keep in step with 
Sp the rotor will rotate back- 
wards (or clockwise) at a speed 
of 100 r.p.m. This would be 
indicated on the dial by the 
pointer travelling “Fast.” 

Now, in addition to equality 
of frequency, the voltage of the 
incoming alternator must also be 
in phase with that of the bus-bars. 
This is indicated on the synchro- 

Fig, 135c.— The Rotating Mag- scope by the pointer (Fig. 136a) 
netic Fields in the Syn- h ‘ vertica ]_ If j t f 8 j n any 
chroscope. ° J 

other position, the voltages are 

out of phase, the deflection of the pointer from the vertical 
being an indication of the phase difference. 

As regards the actual process of synchronizing, the speed 
of the alternator is adjusted uutil the pointer of the synchro- 
scope is rotating very slowly, say at 2 or 3 r.p.m. Then, 
after adjusting the voltage of the alternator to that of the 
bus-bars, the alternator switch is closed just as the pointer is 
coming to the vertical position. 

In the pattern shown in Fig. 136a, a lamp is fitted inside 
the instrument behind the small circular window there seen. 
This lamp is alight as long as the synchronizer is connected 
to the bus bars, and it fulfils the double function of acting 
as a non-inductive resistance in one of the instrument motor 
circuits and as a signalling lamp. , 

Between the lamp and the window is a shutter with a red 
and a green transparent disc. The red comes in front of the 
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lamp when the speed of the incoming machine is too high, 
and the green when the speed is too low. This coloured-light 
signalling arrangement serves as a convenient indicator to the 
distant engine-man regulating the speed of the alternator. 

For high-voltage circuits, the synchroscope is used in 
conjunction with a small step-down transformer, the secondary 
voltage of which is generally arranged to be about 100 volts. 
A transformer of this kind, when used in conjunction with an 
indicating or registering instrument, is frequently referred to 
as a potential transformer , to distinguish it from a current 
transformer {§ 88). 

Figs. 136 and 136b apparently relate to single-phase 
alternators only, since there are only two wires from the 
machine. But as a matter of fact, these arrangements are 
also applicable to two- and three-phase alternators, as connec- 
tion has only to be made to one phase in these cases. Three- 
phase alternators, for instance, are connected to three bus- 
bars, and the two bus-bar wires of the synchronizer are joined- 
up to two of these bars. The other pair of wires from the 
synchronizer go to the corresponding phase of the incoming 
machine. 

68. 14 REGULATION” OF ALTERNATORS.— If the 
exciting current of an alternator, running at normal 
speed, be adjusted to give the correct terminal voltage 
on full load, and if all the load be then taken off the 
machine, while the exciting current and the speed are 
kept constant, the terminal voltage will rise. This rise, 
when expressed as a percentage of the full-load voltage, 
gives the xi Tecful&tion ” of the alternator: — ■ 


i,e„ 


“Regulation 


Rise in terminal Tolta between 
full load and no l oad. 
Full-load voltage. 


x 100 


( 41 ) 


The less the value obtained for the “ regnlation ” 
the greater is the ability of the machine to maintain its 
voltage steady as the load is varied ; and the test for 



210 Alternating Current Work [chap. iy. 

“ regulation,” which is made before the machine leaves 
the makers, is obviously an important one. 

The rise in terminal pressure for a given decrease of 
current depends upon: — 

(1) Resistance qf winding. 

(2) Reactance of winding. 

(3) Angle of lag or lead between the current and 
the voltage. 



Fig. 137. — Variation of Alternator Terminal Volte under different 
Kinds of Load, with Conetant Speed and Exciting Current, 

The greater the resistance and reactance of the 
winding, the greater is its impedance ; and therefore the 
greater will be the voltage required to send a given 
current through that winding. This means, in short, 
that the greater the impedance of the winding of an 
alternator, the worse is its “ regulation.” 

It was stated in § 42 that a lagging current tends 
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to demagnetise the field-magnets; a leading current, 
on the other hand, assists in their magnetization. Thus 
the greater the lag of current behind the voltage, the 
less is the flux actually cutting the conductors, and 
consequently the less is the e.m.f. induced : hence, on a 
very inductive load, the terminal voltage rises rapidly 
as the load decreases. With a capacity load, however, 
the terminal voltage may remain nearly constant, or may 
even decrease, as the load is decreased. 

Fig. 137 shows the actual variation in the terminal 
voltage of an 18 kVA, 300- volt, 3-phase alternator under 
different kinds of load, when the speed and the excit- 
ing current were kept constant. The behaviour of this 
email laboratory machine is typical of what occurs 
in practice with larger ones. From these curves it is 
seen that the correct terminal voltage (300 volts) has 
been obtained at full load (34*6 amps.) of unity power 
factor (point 1 on curve). With the same exciting current, 
the voltage obtained with the same full load, but inductive 
and having a power factor of *7 lagging, is only 253 
volts (point 2 on curve). On the other hand, a capacity 
load taking the same current, and possessing the same 
p.f., causes the pressure to increase to 357 volts (point 
3 on curve). 

When the alternator is on no-load, the terminal 
voltage obtained with the same speed and exciting 
current is 322, hence : — 

322 - 300 

Regulation on non-inductiTe loads: — — — x lQ0 = 7’3jj£. 

To obtain the regulation on the inductive load, the 
exciting current would have to be increased until the 
terminal voltage is 300 when the line current is at its 
full-load value, i.e. t 34'6 amperes. The load would 
then be removed, and the increase in voltage noted. 
Similarly, the regulation on the capacity load would be 
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determined by decreasing the exciting current to give 
the correct pressure with the same line current as 
before ; and then measuring the variation in voltage 
caused by taking off the load. 


CHAPTER IV.— QUESTIONS. 

In answering these Questions give Sketches wherever possible. 

Note — Questions marked * range slightly beyond the subject-matter of 
this Book. Those marked f can only be partly answered therefrom. 


1, In what respects does a three-phase alternator differ 
from a single-phase alternator! What are the reasons that 
lead to the use of the formpr in preference to the latter! 
Give diagrams illustrating windings and connections of a 
multipolar generator of each kind. ( Ord A.G., 1908.) 

2. Give an armature winding diagram for a 4-pole three- 
phase and also for a two-phase A. C. generator having 24 slots. 
(. AM.I.S.E . Exam., 1914.) 

|3. A 1000-kW three-phase 50-period 6600-volt generator 
ia to be designed to run at 500 r.p.m. Calculate : — 

(a) The number of poles. 

( b ) The currents which will flow in the windings with 

a power factor of 0’8 with both delta and star 
connections. 

(c) The true efficiency for the 3-phase winding at 

full load and 0'8 power factor, from the following 
data : — 

Armature resistance between terminals: 
0 6 ohm. 

Field resistance: 0’5 ohm. 

Field current: 150 amperes at full load 08 
power factor. 
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Iron loss : 15 kW. 

Friction and windage : 7 kW. 

A.M.I.E.E. Exam., 1914.) 

Ans. (a) 12 poles ; (b) 63 amps, delta, 109 amps, star ; 
(e) 95’8 per cent, efficiency. 

*4. Describe clearly what is meant by the u hunting " of 
synchronous electrical machinery, and enumerate the various 
conditions which may bring it about. Discuss fully the 
nature of the cross currents which may pass between an 
engine driven alternator and a distant synchronous motor, 
and explain their effect upon the losses of the system. 
(Honours, 1 st Paper, 1911.) 

5. Deduce a formula for the virtual electromotive force of 
an alternator, in terms of the number of conductors, flux per 
pole, and frequency, on the assumption that the electromotive 
force follows a sine law. Show by a vector diagram the rela- 
tion between the terminal voltage on load and the electro- 
motive force developed in the armature. (Ord., A.C., 1910.) 

*6. The equation for the electromotive force E, generated 
in one circuit of an alternator, may be written — 

E=kxfxZxN- rlO»; 

where / is the frequency, Z the number of conductors in 
series in that eircuit, N the flux of any pole (assumed all 
equal), and k a numerical coefficient, the value of which 
usually lies between the extreme values of 2 and 2'4. Discuss 
the origin of this coefficient k, and point out the features of 
the design which determine whether its value will be high or 
low. ( Honours , 1$£ Paper , 1908.) 

7. A circular coil is rotated about a diameter that is at 
right angles to a uniform magnetic field. Find the maximum, 
mean, and virtual (i.e. r.m.s.) values of the electromotive force 
generated if the coil has 400 convolutions of mean radius 
12 ins., and rotates at 500 r.p.m. in a field of strength H= 
100 lines per square centimetre. ( Based on Ord., A.C., 1908.) 

Ans. 61 max., 38 ’9 mean, and 43*2 virtual volts. 

8. Describe, with accompanying sketch, some form of 
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synchronizing gear for paralleling alternators. (A.M.I.E.E. 
Exam., 1914.) 

f9. Describe the construction of a modern form of syn- 
chronizer, and explain in detail the principles upon which it 
is based. Indicate how such synchronizers can be arranged 
for automatically switching-in the incoming alternator at the 
right moment ; and state in what circumstances it would be 
profitable to employ such automatic paralleling arrangements. 
{Honours, 2nd Paper, 1909.) 

flO. Make a diagram of connections for a switchboard 
suitable for two single-phase alternators, which are to be 
switched to the same bus-bars, and show the arrangements 
which are necessary to synchronise the machines before 
switching on to the bars. {Final, 1st Paper , 1914.). 

*11. Two similar alternators, separately driven by two 
good engines, are working in parallel on the same ’bus-bars. 
It is observed that they are not sharing the load equally. In 
what way or ways can they be made to take equal loads ? In 
what way or ways can the whole of the load be thrown over 
from one to the other while they are still connected to the 
’bus-bars ? What phase changes, if any, occur during the 
last-mentioned operation? ( Ord ., A.C., 1908.) 

12. What are the effects of a low power factor on the 
economical running of a power house ? (A.M.I.E.E. Emm., 
1914.) 

f 13. Explain why the terminal voltage of an alternating 
current generator varies with the amount and character of the 
load. Give numerical values for the voltage drop which may 
in practice be permitted. ( Grade II., A.C., 1913.) 

*14. Give some account of the armature reactions in 
alternators, and explain in what way the cross-magnetizing 
and the demagnetizing effects depend on the nature, as well 
as on the amount, of the load. (Ord., A.C . , 1910.) 



CHAPTER V. 


TRANSFORMERS AND CHOKING 
COILS. 

69. CHOKING COILS- — It has already been shown 
(§§ 9, 11, and 27) that there is a very important difference 
in the kind of obatruction offered to an alternating 
current by ordinary resistance and by reactance respec- 
tively, Resistance obstructs the current by absorbing 
the power and converting it into heat. Reactance, on 
the other hand, obstructs the current by setting-up an 
alternating counter e.m.f., and so reduces the current in 
the circuit without wasting power. 

The possession of this reactive effect may be regarded as 
one of the advantages of alternating over continuous 
currents ; for by introducing reactance into a circuit, any 
required reduction of the current can be effected with com- 
paratively little loss of power. This is generally done by 
increasing the inductance in a circuit, and consequently 
also its reactance and impedance, by means of a winding on 
an iron core. The device is made with as little resistance 
as possible, and what little loss of power does take place 
in it is due chiefly to this resistance. It is called variously 
a reactance coil , impedance coil , choking coil , choke coil , or 
choker. 

Fig. 138 illustrates the principle of choking coils. C is 
a solenoid or coil of thick wire, with a laminated iron 
core, ICi which may be either fiied or movable. In the 
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first case, the inductance of the coil is invariable, and so 
also is its reactance— with a given frequency. In the second 
case, the inductance and consequently the reactance may 
be respectively increased or diminished by inserting the 
core farther within the coil or by withdrawing it. 

In some small forms of choking coil with a fixed core, 
the inductance is varied by vary- 
ing the number of turns of 
winding in circuit. (See Figs. 
141 and 142.) 

In § 31 it was shown how 
to calculate the inductance 
required in a choker to effect 
a certain reduction of pressure. 

The resistance of the winding 
of a choker is kept very low, 
while the iron losses (due to 
eddy currents and hysteresis*) 
are made very small by constructing the core of laminations 
of transformer iron (pp. 226 and 243). In this way the 
power absorbed by the choking coil is reduced to a negligible 
quantity. 

70. USES OF OHO KINO COILS.— Choking coils are 
largely employed for reducing and regulating the pressure 
in arc-lighting circuits; for varying or "dimming" the 
light given by any number of glow lamps in such buildings 
as theatres, music-halls, churches, etc. ; and for controlling 
the voltages across electric furnaces, and welding and 
kindred apparatus. 

Another common use for choking coils, which in this 
case have no iron core, is to protect from li git tiling 
electrical machinery in generating or sub-stations feeding 
(or fed by) overhead lines. The coil is inserted between. 

* Se t the Author’s Electric Lighting and Power Distribution, Vol. I. 
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the transmission line and the apparatus to be protected, 
as shown at G in Fig. 139. On account of its small in- 
ductance, the effect of G upon the ordinary supply is 
negligible; but it offers extremely powerful opposition to 
the passage of lightning, the exceedingly high frequency of 
the latter tremendously increasing the reactance of the coil. 
The result is that the current produced by the high voltage 
in the line due to the lightning finds an easier path across 
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Fig. 13J. —Arrangement of Choking Coil and Spark Gape 
u Lightning Arrester. 


the spark gaps G, of which there are sometimes several in 
series, and which are connected to earth on the other side. 
Thus the line is relieved of the lightning charge without 
any injury being done to the electrical plant. TI 10 com- 
bination of a choking coil and spark gaps for the above 
purpose is termed a lightning arrester ; and there are many 
interesting points about the construction of these acces- 
sories — especially of spark gaps, but these cannot be dealt 
with here. 

Choking coils are sometimes put in series with large 
alternators to prevent the How of an excessive current due 
to accidental short-circuiting. Without a choker, the im- 
pedance of the alternator itself would tend to put some 
limit upon the short-circuit current ; but the presence of a 
choker is a great additional help. 

Choking coils (with very few turns) may also be used 
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to limit the primary voltage when a large transformer is 
suddenly switched onto the mains ; for it is found that the 
whole voltage for the first instant or two is heaped-up — so 




Fig. 140. — Adjustable Choking Coil. ( Foster Engineering Co.) 

to speak — on the end turns of the primary, and is liable 
to break-down its insulation. If a choker is not used, these 
outside turns of the transformer must be extra-heavily 
insulated. 

71. PRACTICAL FORMS OF CHOKING COIL.— Fig. 140 
illustrates the construction of one form of adjustable choking 
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coil, suitable for regulating large alternating currents for 
various purposes. 

An iron core 1C is built-up of thin rectangular Bheets 
of a transformer iron known as “Stalloy ” (p. 243), with a 
rectangular opening in the centre. This built-up core is 
then sawn in two near the bottom (at the dotted lines ll), 
the lower part being rigidly bolted between the base plates 
BP and cross-pieces CP\ whilst the upper portion (forming 
an inverted U) is clamped tightly by the plates P, attached 
to a screwed shaft S. The latter can be raised or lowered 
by handles H,H, so arranged that they can lock the shaft 
in any desired position. The winding consists of two coils, 
CC, connected in series. 

When the movable iron core is in the position shown 
in Fig. 140, there are no air gaps between its extremities 
and those of the fixed portion, so that the maximum flux 
is produced in the core by a given current. In other words, 
the coils CC then have their maximum inductance, and 
— with a given frequency — the choker exerts its maxi- 
mum reactance and impedance. By raising the shaft S t 
air gaps of increasing length are formed between the 
two portions of the core, and the flux produced by the 
game current is decreased. TIius the inductance of the 
choker may be gradually decreased until, when S has been 
raised as high as possible, it is very small ; and the appara- 
tus then exerts very little choking effect. 

By varying the dimensions of the apparatus, and the 
■ize and number of turns of conductor in its winding, its 
inductance and current-capacity can be made to suit any 
requirements. 

Another form of variable choker, for small currents, 
is illustrated in Fig. 141 with and without .its cover. This 
is called a dimming switch by its makers, as it is intended 
for varying the candle-power of a lamp or small group of 
lamps, by inaerting more or less impedance in their circuit. 
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The connections of this apparatus are given in Fig. 142, 
IC is a laminated iron core with two series-connected 
coils CC . Tappings TT are taken off at different places, 
and connected to the contact-studs 1 to 6 of the multiple- 
way switch 8. The latter enables the whole or various 
portions of the choker winding to be put in series with 



Fig. 141. — Dimming Switch. (Foster Fnyineering C'o. ) 


the lamp circuit. Thus when the switch-arm is on stud 6, 
all the turns are in circuit, and the lamps then give only 
a dim light; when the switch-arm is on stud 1, the chokel 
windings are cut out altogether, and the lamp or lamps 
give their full caudle-power. 

It should be obvious that choking coils (like that in 
Fig. 141) whose effect is varied by means of a multiple-way 
switch, are only suitable for comparatively small currents 
and low-voltage circuits. With higher voltages and large 
currents the switch portion would become Yery large and 
expensive, and would be subject to considerable sparkweai : 

72. TRANSFORMERS. — A transformer is an apparatus 
without moving parts, which — by electromagnetic induction 
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• — transforms alternating voltages into higher or lower 
alternating voltages at the same frequency. Step-up and 
step-down transformers respectively increase and diminish 
the voltage of the supply. 

Transformers are constructed for either single-, two-, or 
three-phase systems; and some forms enable two-phase 
circuits to be fed 
from three-phase 
supplies, or the 
reverse. 

73. PRINCIPLE 
OF THE TRANS- 
FORMER.— The 

single-phase trans- 
former depends for 
its action upon the 
induction between 
two neighbouring 
but distinct elec- 
tric circuits, which 
are interlinked 
with a magnetic 
circuit common to both, , 

With apparatus arranged as in Fig. 143, when the key K 
is depressed, a current is sent along a b, and this current 
creates a magnetic field, the lines of which will practically 
all be linked with, ie. will pass round, c d. Then, by the 
action of electromagnetic induction (p. 36), an e.m.f. will 
be induced in c d, causing a momentary current through 
the galvanometer G. When the current in a & is stopped, 
the magnetic field will collapse, so that another momentary 
current will be induced in c d, in the opposite direction to 
the first induced current, as indicated by the deflection of 
the galvanometer G in the opposite direction. Thus, if 
the key be continually depressed and released, causing an 



Fig. 142. — Connections of Dimming Switch. 
[Foster Engineering Co . ) 
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intermittent current to flow in a b t an alternating current 
will be induced in e d. 

Since the e.m.f. induced depends upon the total flux 
linked-with or surrounding each conductor, the above- 
mentioned effect will be much increased if the wires are 
coiled-up as in Fig. 144 ; and still more increased if the 



Fig. 143. — Induction of E.M.F. Fig. 144. 

and Current* 


coil 8 A and B be inserted one within the other, and provided 
with an iron core in order to increase the number of lines 
of force, as shown in Fig. 145. This is the principle of the 
ordinary induction coil , which is an apparatus for trans- 
forming an intermittent continuous into an alternating 
current.* 

The simplest form of transformer (Fig. 146) is similar 



Fig. 145. — Induction of E.M.F. and Current 


in construction to an induction coil, in that it consists 
of two separate coils wound upon an iron core; but it 
differs from it in having no contact-breaker or condenser. 
In Fig. 146, 10 is an iron core on which are wound 
two distinct coils P and S . One of these, P, is called 
the primary coil, because it carries the inducing current ; 

* See the Author’s Firtt Book of Eledrieity and Maymtirm. (Fourth 
Edition.) 
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while the other, S f is termed the secondary coil , because it is 
the one which has currents (or more correctly speaking — 
electromotive forces) induced in it. 

It should be perfectly clear from what has just been 
said, that if an intermittent current be sent through the 
primary coil P, an alternating e.m.f. will be induced in the 
secondary coil S. It will now be shown that if an alternating 
current be sent through P, an 
alternating current will be in- 
duced in S, provided its ends be 
joined through some kind of 
circuit. Referring again to Fig. ;$ j 

143, if a current is sent from a pjg 146 ._s imple Transformer . 
to ft, a momentary current will 

flow from d to c ; and when the current in a ft is stopped, 
another momentary current will flow from c to d. But if 
the current in a ft, instead of being stopped, is immediately 
reversed, the second induced current in c d will still flow 
from c to d , but will be much greater. Thus it is evident 
that an alternating current passing through the primary 
coil P (Fig. 146), will induce an alternating current in the 
secondary coil S. 

Dr. S. P. Thompson has pointed out that the transformer 
may be regarded as a separately-excited alternating-current 
generator in which there are no moving parts ; the neces- 
sary fluctuations .of the magnetic field being brought about 
by the use of an alternating exciting current. Regarded in 
this way, the primary represents the field winding, and the 
secondary the armature winding. 

74. CONSTRUCTION OF TRANSFORMERS.— When a 
straight iron core like that shown in Fig. 146 is used, the 
lines of force emerging from one pole have to return to the 
other pole through the air, and the inducing flux is con- 
sequently comparatively small. In order to get a very 
strong flux or magnetic field inside its ceils, a practical 
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transformer is made with a closed magnetic circuit, that is 
to say, the latter is formed wholly of iron. 

The first transformer, constructed by Faraday, was of 
this type, and consisted of a solid iron ring R (Fig. 147) on 


separate portions of which the primary and secondary coils 
p P and S were wound. Later 



experience showed two grave 
drawbacks in this form. 

The first of these drawbacks 
is the inevitable leakage of 
magnetism, due to the wind- 
ings of the coils being on 
separate parts of the ring. 
Because of this leakage, only 
a portion of the magnetic lines 


Fig. H 7 . — Diagram of Farad ay's 
Original Transformer. 


set up by the primary pass 
through the secondary ; some 
of them fiuding a return 


path through the air, as shown by the dotted lines in Fig. 
147, This leakage f lux consequently does not assist in the 
production of e.m.f. in the secondary coil; and the greater 
it is, the less will be the flux threading the secondary, and 


the secondary voltage will be correspondingly affected. 

The magnetic leakage is reduced by winding the 
primary and secondary coils over the whole available 
portions of the core, the two windings being then adjacent 
to each other throughout their whole length. This ensures 
that most of the flux produced by the primary shall cut the 


secondary winding. 

The leakage flux is still further reduced by making the 
magnetic circuit of a long rectangular shape, and covering 
the long sides of the rectangle with the windings, as seen in 
Fig. 148. This desigu increases the length of the leakage 
path, which is chiefly from one end to the other of each 
coil, The lengthening of the coils and of their leakage 
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paths reduces the leakage, because the reluctance or mag- 
netic resistance of the paths is increased. 

The second drawback of the form of transformer depicted 
in Fig. 147 is the great waste of energy due to eddy currents 
in the solid iron. It has already been explained (p. 223) 
how an alternating e.rn.f. is induced in a secondary winding 
by an alternating current in the primary. Kemembering 
this, let us see how eddy 
currents are induced in the 
Fig. 147 construction. 

Suppose, to start with, 
that the iron ring was made 
up of a large number of 
concentric tubes insulated 
from each other; the sec- 
tion of the ring would then 
be something like Fig. H9. 

If now an alternating cur- Fi «- 1 “g*j**£" 

rent were sent through 

the winding AB, an alternating magnetic field would be 
set up in the core : and since this alternating flux would 
cut the iron tubes in an exactly similar way to that in 
which it would cut a secondary winding, were one present, 
alternating e.m.fs. would be induced in the tubes in the 
directions of the double-headed arrows. And these 
would give rise to currents circulating round the tubes, 
The same generation of e.m.fs. occurs when, as in the Fig. 147 
construction, the core is solid ; but the paths of the currents 
in the iron are less definite. . These currents, which are 
comparatively large on account of the low resistance 
opposed to their e.m.fs., take more or less the circular paths 
indicated in Fig. 149, and they are therefore termed eddy 
currents . 

Eddy currents cause a great waste of power, and so 
assist in heafcing-up the transformer; consequently they 
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have to be prevented as far as possible. This is done by 
building the transformer cores of very thin sheet Btampings 
of iron or mild steel. These core sheets or plates are usually 
from about *012 to 02 inch (*03 to *05 cm.) in thickness, 
and are separated from each other by a very thin layer 
of insulating material, such as paper or varnish. This 
lamination of the core must be so arranged that the metal 



Fig. 149.— Generation of Eddy Currents in a 
Core consisting of Concentric Tubes. 


affords a continuous 
path for the lines 
of force, but is dis- 
continuous in direc- 
tions at right angles 
to this, that is, in 
the directions in 
which eddy currents 
would tend to be 
set up. 

It is very neces- 
sary that the lamina- 
tions of a trans- 
former core should be tightly clamped together, ehe the 
apparatus will emit a humming uoise when excited. This 
humming is due to the alternation in the magnetic flux. 
Thus at one instant, when the flux is maximum, all the 
laminations are of the same polarity (N. at one end aud S. 
at the other), and they will consequently repel one another. 
When the flux decreases to zero, the repelling force dis- 
appears, and the laminations come together; immediately 
after they are magnetised in the reverse direction, and 
again repel one another. It is this continual vibration of 
the laminations that gives rise to humming, and the only 
way to overcome this effect is that mentioned above. 

Excessive humming is an indication of bad construction, 
75. E.M.F. EQUATION OF A TRANSFORMER. —When 
an alternating current is sent through the primary of a 
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transformer, such as that represented in Fig. 148, an alter- 
nating e.in.f. is induced not only in the secondary but also in 
the primary winding; for the alternating flux set up in the 
core by the primary current cuts the primary as well as the 
secondary winding. The e.m.f. induced in the primary is a 
reactive or hack e.m.f. 

By assuming that the leakage flux is negligible, so that 
the same flux cuts both the primary and the secondary 
windings, a simple equation for the e.m.f. of a transformer 
can be deduced aB follows. 

If E P be the back e.m.f. induced in the primary circuit,/ 
the frequency, T P the number of turns in the primary, and 
F the maximum total flux passing through the core; then (as 
already explained in § 28 a), during one complete cycle, the 
total change in the number of lines of force passing through 
the transformer windings will be 4F. Hence, during one 
second, the total change in the lines of force will be 4F/ 
and : — 

4F f 

Average e.m.f. induced in one turn =pQ8 vo ^ 8 (P- 95). 

Total of the average e.m.fs. induced in the primary 
4F fT 

winding volts. 


For a sine wave, virtual voltage — ITIxaverage voltage 
(P- 79). 


Virtual voltage 
induced in 
the primary i=E P — 


i'UTp/ F 

10 * 


( 42 ) 


Similarly, if T 8 be the number of turns in the secondary, 
Virtual voltage 

induced in a- a at ft 

the secondary -=E S — — ( 43 ) 
10* v ' 
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The numerical value of any one of the quantities just 
given can be found if others be known; one example of 
the use of the formulae being as follows. 

Example. — The net sectional area of the core of a trans- 
former is 16 square inches , and the maximum value of tht 
alternating flux-density due to the primary current is 60 000 
lines per square inch . If the frequency is 50 cycles per sec., 
how many turns must the secondary winding have in order 
that it may generate an e.m.f of 255 volts on open circuit ? 

Taking Formula 43 overleaf: — 

F= 16x60,000,/= 50, #5 = 255, and T s is required. 

Transposing the formula we get: — 

T _#*Xl 0 8 

8 ” 4'44/F 

255 ^ I. Q® 

*■*'’ 7 ' 5 = 4-44x50x960,000 = 120 turn8 ' 

76. STEP-UP AND STEP-DOWN TRANSFORMERS - - 

If the primary and secondary coils had an exactly equal 
number of fcurnB, the pressure in the secondary would be 
practically the same as that in the primary. If the second- 
ary has a greater number of turns than the primary, as in 
a step-up transformer , the pressure in the secondary will be 
greater than the pressure in the primary. On the other 
hand, if the secondary has a less number of turnB than the 
primary, as in a step-down transformer, the pressure in the 
secondary will be less than that in the primary. In short, 
the voltage induced depends upon the number of magnetic 
lines set up by the primary and the number of turns of wire 
which they cut in the secondary. 

If Formula (42) be divided by Formula (43), we have 
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Thus if we divide the primary voltage * by the secondary 
voltage, or the primary turns by the secondary turns, for 
any given case we shall get the same quotient k. This 
quantity k is termed the ratio of transformation. It is be- 
low unity in a step-up transformer, and above unity in a 
step-down transformer. 

In practice, it is usual to speak of the ratio of trans- 
formation as 10, 20, or 30 to 1 ; or 1 to 10, 20, or 30, as 
the case may be. Thus a 20 to 1 transformer is one in 
which the secondary turns or volts are -fath of the primary 
turns or volts : and a 1 to 20 transformer is one in which 
the secondary turns are 20 times greater than the primary 
turns, ie., one in which the secondary pressure is 20 times 
as great as that in the primary. 

The current of course is not the same in the primary 
and secondary circuits. In a step-up transformer, a current 
at a given pressure is converted into a smaller current at 
a higher pressure. In a step-down transformer it is just 
the reverse, a current at a given pressure being transformed 
into a larger current at lower pressure. 

The reason of this is the impossibility of getting more 
watts out of the secondary than are put into the primary : 
and remembering that the watts in a circuit depend 
upon the volts and amperes, it is clear that if the yolts 
(say) are increased, the amperes must diminish, and vice 
vend. As a matter of fact, the power given out by the 
secondary circuit is always slightly less than that put 
into the primary circuit; because a certain amount is 
absorbed in the process of transformation, due to the 
heating of the coils, to the setting up of eddy currents, 

* When the transformer is supplying a load, on accountof the resistance 
tnd reactance of its windings, the primary terminal voltage will be slightly 
higher than E P , and the secondary terminal voltage will be slightly Tower 
than Es. In well-designed transformers, however, these dillerencea 
are very email ; so that the ratio of the primary terminal pressure to the 
secondary ditto can be regarded as approximately equivalent to the ratio of 
the turns in all circumstances. 
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and to hysteresis, as evidenced by the heating of the iron 
core (§ 82). 

Practically speaking, the power absorbed by the primary 
circuit of a transformer is proportional to that drawn from 
the secondary circuit. In other words, the current in the 
primary increases and decreases with every increase and 
decrease of the current in the secondary. 

The frequency of the secondary e.m.f. is exactly the 

same as that of the 
primary e.m.f. 

Transformers are 
represented dia- 
gram tnatically as in 
Figs. 150 and 151, 
P being the primary 
and S the secondary 
in each case. The 
second a Btep-down 
transformer, the difference in the number of turns in P 
and S indicating this. These diagrams also indicate that 
the conductor in the primary is thicker than that in the 
secondary in a step-up transformer; and that the reverse 
is the case in a step-down transformer. 

77. CQRE AND SHELL TRANSFORMERS. — Trans- 
formers are divisible into Jwo classes, viz., core-type and 
shell-type , according to the relative disposition of the core 
and windings. 

A core-type transformer is one in which the iron core is 
nearly enclosed by the windings. An example is given in 
Fig. 152, which is similar to Fig. 148 in principle. In 
Fig. 152, 10 is the laminated core, PP the primary wind- 
ing, and S the secondary winding. 

There is a comparatively long magnetic circuit, owing 
to the presence of the yokes or unwound portions YY ; 
%nd a comparatively large magnetising current is neces- 


i ; i 

1 P 


1 Wwoo'ffr 



' S ' 

1 1 s 1 

Fig. 150. — Step-Up 
Transformer. 

Fig. 151.— Step-Down 
Transformer. 

first represents 

a step-up and the 
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sary. In other words, the longer a magnetic circuit of 
a given cross-section the greater its reluctance, and the 
greater the number of ampere-turns necessary for a given 
flux,* The core type, however, possesses the advantages 
that the parts are easily assembled or put together, and 
that it has a good 
cooling surface, Bince 
so much of the outer 
winding is exposed. 

Actual transformers 
of this type are 
illustrated and 
described in the next 
two sections. 

A shell-type trans- 
former may be likened 
to a core-type trans- 
former turned inside 
out, for in this type 
the windings are 
practically surrounded by the iron core, instead of the 
iron core being more or less covered by the windings. A 
simple example is given in Figs. 153 and 154. The core- 
plates CP (Fig. 153) are of rectangular shape, with two 
holes punched through. One side is cut through at c, so 
that the middle piece m may be bent-up like a flap to 
facilitate the placing over the coils P and S ; m being bent 
back flat again when the plate is in position. Fig. 154 
gives a perspective view, where CP are the core-plates, and 
P and S the primary and secondary coils, these being 
separately wound and bound-up with insulation before 
the “shell” is built-up round them. 

The advantage of the shell over the core type is that it 

* See the Author’s Electric Lighting and Power DistribtUion, VoL L 
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possesses a shorter magnetic circuit, and therefore takes a 
less magnetising current. The coila, however, are not 
readily accessible; and in the form of construction shown 
in Figs. 153 and 154, 
they do not possess so 
much cooling surface as 
in the core type. 

The only transformer 
of the shell-type that is 
in general use is the 
Berry transformer, de- 
tailed particulars of 
which are given in § 80. 
As will be there seen, 
the construction is very different from that illustrated here, 
and the cooling difficulty just alluded-to i3 non-existent. 

In Figs. 152 and 153 the sections of the windings are 
indicated by a sort of lattice-work. This is the usual way 
of showing a section of winding in a diagram, it being 
much more convenient than drawing a number of small 
circles to represent the wires. The winding with the most 
turns is indicated by 
a finer “ mesh ” ; and 
it is evident from 
this that Figs. 152 
and 153 both re- 
present step-down 
transformers. 

78. SIMPLE CORE 
TRANSFORMER. — 

Fig. 155 illustrates a 
small-capacity trans- 
former for use on low-voltage circuits; and the illus- 
tration gives a very simple and clear idea of the core- 
principle. 



Fig. 154. — Simple Shell Transformer, 



Fig. 153. — Section of Simple Shell-Type 
Transformer. 
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The rectangular laminated iron circuit is held in a cast- 
iron base-frame, with holes to enable it to be screwed to a 
bench or other support. The primary and secondary wind- 
ings have each only one coil, and the two are bound-up 
together and 
mounted on one 
limb of the core. 

The terminals are 
fixed on flanges on 
the base frame, but 
are, of course, in- 
sulated therefrom. 

The magnetic cir- 
cuit is obviously 
a long one in this 
particular case ; but 
the consequent low 
efficiency and power 
factor are of little 
moment in the uses 
for which this form 
and size of trans- 

. Fig. 155.— Sirapla Core Transformer. ( QrtMn .) 

former is intended, 

and are compensated for by the simplicity of construction. 

79. JOHNSON AND PHILLIPS' TRANSFORMER.— There 
are many makes of large core-type transformer, but as the 
main features of these are very much the same, it is only 
necessary in a book like this to select one make for 
description. 

Fig. 156 illustrates a 50-kVA, 13,000/2400 volts, 
60-cycle, core-type transformer; the parts of the same 
being displayed in Figs. 157 and 158. 

The magnetic circuit consists of two laminated cores CG, 
and laminated yoke-pieces YY\ built up of varnished sheets 
of “Stalloy” iron (p. 243). These sheets are compressed 



ip— (T.5101) 
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tightly between pairs of clamps tt of T-section girder steel, 
the whole being held together by bolts. 

In the smaller sizes of these transformers, the core plates 
of the limbs CC are separate from and are interleaved with 
those of the yokes YY\ In the larger sizes, as in Fig, 157, 

the portions GO and Y 
are built of U-shaped 
laminae; and the con- 
tacts between the limbs 
and the top yoke are 
butt-joints machined bo 
as to secure good mag- 
netic connection be- 
tween them. This 
arrangement renders 
the assembling and 
the replacement of the 
coils a very simple 
matter. It will be 
noticed that the cores 
are of peculiar 
"stepped” section. 
Because of this, when the circular former- wound low- 
voltage coils are put on, a number of oil * channels are 
left between them and the cores (see Fig. 158),' these 
channels permitting the necessary circulation of the oil and 
cooling of the core. 

Before the low-voltage winding L is put on, the cores have 
sheets of press-spabn and varnished cloth bound round them. 
Between the low- voltage and the high-voltage coils L and 
H is placed a cylinder / of insulating material The free 
ends of the windings are connected to porcelain terminals, 

* This transformer is ol the oil-cooled type (p. 253), and is therefore 
intended for enclosure in a steel tank, somewhat similar to that seen 
in Fig. 167. 



Fig. 157. — Transformer in Parta, [Johnson and Phillips.) 




Fig. 168. — Transformer in Course of Assembly. [Johnson and Phillips 

windings. Thus, in Fig. 156, the primary is supplied with 
three such tappings and terminals, to enable the transformer 
to work on circuit pressures of 12,500, 12,000, or 11,500 
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volts, if necessary, instead of the maximum pressure of 
13,000 volts. These tappings also enable the secondary 
pressure to be varied with a fixed primary pressure.. 

It will be noticed in Fig. 158 that the windings are 
divided into sections, and that the number of sections is 
greater for the high-voltage winding than for the low- 
voltage one. This sub-division decreases the voltage be- 
tween adjacent layers, and thu3 reduces the possibility of 
a breakdown of the insulation. Suppose that, instead of 
being in sections, one of the coils was wound round the whole 
length of one limb of the core. There would then be a very 
large number of turns between, say, the beginning of the 
first layer and the end of the second, and therefore a 
proportionately large voltage between those two points, 
with a serious risk of breakdown of the insulation between 
the wires at that place. When the coils are wound in 
sections, the maximum voltage between each layer on any 
coil is comparatively low. The H coils in Fig. 158 are 
wound in more sections than the L coils on account of the 
higher voltage at which they have to work. 

In a step-down transformer, the E windings w*ould be 
in the primary circuit and the L windings in the secondary 
circuit. In a step-up transformer it would be the reverse. 

80. BERRY TRANSFORMER.— The Berry Transformer, 
so-called from the name of its designer, is of the shell type, 
and is cylindrical in form. A complete transformer is shown 
in Fig. 159, the terminals being on the top. The pair to 
the right are the low- voltage terminals, the high-voltage 
oneB being mounted on corrugated porcelain insulators as 
seen. 

The transformer core consists of iron laminations 77, 
arranged in groups which radiate from the centre, as 
seen in the section in Fig. 160. The inner laminations 
are built-up around a steel centre shaft which is after- 
wards removed. The core also encloses the windings at 
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top and bottom. Thus the iron circuit is formed in two 
separate parts, one chiefly inside and one chiefly outside 
the windings. All the sheets are L-shaped, those of the 



Fig. 169. — Berry Transformer. {British Elec. Transformer Co.) 

centre core also forming the outside base. The L sheets 
of the outer core are inverted, and thus form the outside 
and top of the transformer. 

When the inner portion of the core has been built-up 


238 Alternating-Current Work [chap. v. 


and well-insulated with mica Bheets, the inner half of the 
low-voltage winding S is put on, and bound with layers of 
mica. Next to this come the two -portions of the high- 
voltage winding, these forming two cylinders P (Fig. 160) 


S 



Fig. 160 —Horizontal Section of Berry Transformer. 


each consisting of sections one above the other. Surround* 
ing tl^is is the second half of the low-voltage winding S 1 
IB ate insulating separator blocks between the windings, 
there being several setB round the frame. These blocks 
serve not only to keep the windings apart, but also to form 
spaces A through which the air can circulate. Similar 
ventilating spaces V t V,V, are formed between the radial 
armB of the iron core. Sometimes the complete trans- 
former i6 mounted in an oil tank. (See p. 253.) 
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In some cases, earth shields E are interposed between 
the high and low-voltage windings. These consist of finely- 
woven copper-gauze sheets, built-up to form cylindrical 
screens. Being connected to earth through the transformer 
frame, they effectually protect the low-voltage winding 
from any leakage from the high-voltage circuit. 

After the windings have been completed, the outer core 
plates are put in position, and the grotfps of plates are held 
apart by the wedge-shaped spacing blocks W (Fig. 160). 
As seen in Fig. 159, the transformer, as a whole, is first 
bound round in two or three places with steel bands or 
wires, and then bolted rigidly between circular cast-iron 
grids at top and bottom. It is then frequently mounted on 
rollers or small wheels as shown. 

Fig. 161 shows the inner half ol' the core with the 
windings in position, ready for the placing of the outer half 
of the core. In thiB particular case it is evident, from the 
size of the terminal lugs, that the low-voltage winding is 
intended to carry a heavy current. This winding, in fact, 
usually consists of a number of copper strips connected in 
parallel. 

81. RELATION BETWEEN THE PRIMARY AND 
SECONDARY CURRENTS.— When the secondary of a 
transformer is on open circuit, i.e., when there is no current 
in it, a small current is taken by the primary sufficient to 
produce the necessary flux in the core, and also to supply 
the watts absorbed by hysteresis and eddy currents and in 
the winding itself. In other words, when the secondary 
circuit is open, the primary acts just as if it were a powerful 
choking coil. 

When a current is taken from the secondary, it tends to 
setup a flux of its own in the opposite direction to the main 
flux (in accordance with Lenz’s Law). This " counter flux” 
weakens the flux passing through the primary, thereby 
decreasing the back e.m.f. induced in that circuit; aud 
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' since the voltage applied to the primary is constant, more 
current flows from the mains into the transformer. This 





Fig. 161. — Windings and Inner Core of Berry Tramfortner. 


current increases until the increase of flux due to it is 
equal to the decrease of flux due to the secondary current. 
Thus it is that the actual flux in the core, and the e.m.f. 
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induced in the secondary, are both maintained practically 
constant at all loads. 

The flux-producing action of a current depends upon 
the product of the current, and the number of turns through 
which it flows, that is, upon the ampere- turns. Thus when, 
as just seen, the secondary ampere-turns try to decrease 
the flux by a certain amount, they will be balanced by an 
increase in the primary ampere-turns trying to increase 
the flux by the same amount. Consequently, neglecting 
the small current taken by the primary winding when the 
secondary is on open circuit, we have — 


Primary ampere-turns =* Secondary ampere-turns 
or, l p Tp=l si T li 


From the above and Formula 44, p. 228, we have : — 


Cs_ _ Ip _ » 
Is 


( 45 ) 


The above explains and proves the statement made 
on page 230 that any increase or decrease in the current 
drawn from the secondary causes a proportionate increase 
or decrease in the current in the primary. 

It was stated above that the voltage at the secondary 
terminals of a transformer was maintained nearly con- 
stant ; so that apparently the less the resistance of the 
circuit connected to the secondary, the greater the current 
that can be drawn from the latter. There 19 a limit, how- 
_ ever, since the maximum possible current (with the secondary 
short-circuited) cannot exceed that given by dividing the 
secondary induced voltage by the impedance of the 
secondary winding. In practice, of course, the secondary 
is never short-circuited ; and if this were done unintention- 
ally, the primary and secondary windings would probably 
be burnt out if there were no fuses in these circuits. 
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82. LOSSES IN AND EFFICIENCY OF TRANSFORMERS. 

— Tlie full-load efficiency of transformers ranges from about 
85 per cent, in very small sizes to 99 per cent, in very 
large ones. 

The efficiency of transformers is thus very high com- 
' pared with that of other electrical apparatus such as 
generators or motors ; and the error incurred by neglecting 
the losses in a transformer is consequently very small. 
Even when it is not working up to its full load, i.e., up to 
its full capacity, the efficiency of a transformer is com- 
paratively high. 

The losses (of power) in a transformer are of two kinds 
viz. (1) those in the two electric circuits, and (2) those in 
the magnetic circuit. These may be detailed as follows : — 

(1) Losses in the "primary and secondary windings due to 
their resistance. These are generally referred to as the 
copper losses, and can be determined as below after measur- 
ing the respective resistances R p and R s of the primary 
and the secondary windings. 

Thus if I P and I s be the respective currents : — 

The copper losses — I*Ry + 1*R S (watts). 

(2) Losses in the iron core du^to (a) hysteresis, and (b) eddy 
currents. These losses are generally grouped together, and 
are known as the iron losses , and may be expressed in watts. 

The hysteresis * loss is the power absorbed in maintain- 
ing the alternating flux in the iron. The eddy-current loss 
is due to e.m.fs. induced in the iron by the alternations of 
the flux, and is minimised by laminating the core, as already 
explained (§ 74). 

The hysteresis loss in the early transformers was found 
to increase if the iron core was allowed repeatedly to heat- 
up past a certain degree, this increase being said to be due to 


* See tlie Author’* Electric Lighting and Pvwer LHatributum , Vol. I. 
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the ageing of the iron. So far, the cause of this does not seem 
to have been discovered ; but it is known that the phenomenon 
occurs with some qualities of iron and not with others. 

During recent years, much progress has been made in 
the manufacture of iron suitable for building the cores of 
transformers and other alternating-current apparatus, mainly 
by the addition of a small percentage of silicon. The alloy 
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known as “Stalloy,” for example, contains about 3 per cent, 
of silicon. Iron alloyed like this possesses a much higher 
specific resistance than ordinary iron, so that the eddy” 
currents are greatly reduced. It is also claimed that the 
hysteresis loss is much smaller, and that trouble from ageing 
is eliminated. * 

The connections for the simplest method of determining 
the total iron losses in a transformer are given in Tig. 162. 
The primary is connected through a wattmeter to alternating- 
current mains of the correct voltage (indicated on Fj) and 
frequency, while the secondary is left on open circuit. The 
voltmeter V i is not used in the present test, but is referred 
to later (p. 267). The current taken by the primary will 
only be a small fraction of the full-load current, so that the 
copper loss in the primary will be negligible. 

It was explained in the preceding section that the 
actual flux in the core of a transformer remains prac- 
tically constant at all loads ; and since the iron losses 
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depend upon the value of the flux, these will also remain 
constant from no load to full load. Hence the reading on 
the watt77itier W in Fig. 162 will give the non losses (in 
watts ) in the transformer. 


Now as regards efficiency : 


Efficiency = 


Output (in watts). 
Input (in watts). 


But : — Input = Output *f Total losses. 

= 0utpuH- Copper losses + Iron losses. 

rx, ■ Output 

t ci enc y — Output + Copper losses -j-Irou losses. 

( 46 ) 


The above would give the efficiency value as a fraction, 
but if multiplied by 100 would give it as a percentage. 

Example. — Calculate the efficiency at full load of a 400 
kVA transformer , when the power factor is 0*8, from the 
following data Primary volts- 4000. Secondary volts ** 
500. Resistance of primary and secondary windings = 0‘2 
and 0*0025 ohm respectively . Iron losses (determined by 
the no-load test) = 2500 watts. '{The 4toO-kVA is, of course, 
the output from the secondary circuit of the transformer .] 


secondary 

volt-amperes 

, k VAx 1000 _ ' 

Secondary current = 

J secondary voltage 


— 400x1000 
500 “ ‘ 


= 800 amperes. 


Approximate primary current = 


IsXF s 

ti P 


(by Formula 45) 


800x500 


= 100 amperes. 


4000 
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Watts lost m primary windings 100 2 x *2 — 2000 
„ „ secondary „ = 800® X ‘0025 = 1600 

«\ Total copper losses = 3600 watts. 

Output=400 kVA 

= 400x1000 volt-amperes 
= 400 x 1000 X ’8 = 320000 watts. 

Hence from Formula 40 we have : — 

. 320000 

Efficiency — g2 0 0Qg 3600 +2500 * 100 

= 98-1 per cent. 

From what was said in §§ 43 and 44, it should be 
clear that the volts and amperes in the secondary circuit 
primarily represent volt-amperes, and that the actual power 
in watts winch these represent depends upon the power 
factor uf the circuit (or circuits) connected to the secondary. 
In the present case this p.f. value 19 *8. 

In the above example, the primary current of 100 
amperes was obtained on the assumption that the efficiency 
was 100 per cent. But since the actual efficiency is 981 per 

cent., the primary current will be jj^x 100=102 amperes. 

However, the neglect of the slight increase in the copper 
loss due to this extra current is to some extent compensated 
for by the fact that a small copper loss is actually included 
with the iron losses when the latter are determined by the 
Fig. 162 test. 

83. LOSSES IN AND EFFICIENCY OF TRANSFORMERS 

[coivt .) — In theprevious sectioiyt was possible to get the copper 
losses by calculation, as the resistances of the windings, as 
well as their currents, were assumed to be known. But 
when the resistances are not known, or wheu their correct 
values (allowing for heating-up and skin effect) are not easy to 
determine, the copper losses in a transformer may be got by 
test, with apparatus and connections as shown in Fig. 163. 
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P and S are the primary and secondary windings. A 
wattmeter, ammeter, and voltmeter are connected in the 
primary circuit; and the terminals of the secondary are 
short-circuited through another ammeter. Hence the 
name short-circuit test. 

A low voltage at the correct frequency is applied to the 
primary-circuit terminals T,T] and this is increased until the 
secondary current indicated by A % has reached its full-load 
value. The ammeter A x will consequently be registering 
the full-load primary current, because the ratio between the 



Fig. 163. — Short-Circuit Test for the Copper Looses in & Transformer. 


two currents is always constant (p. 241); and the I 2 M losses 
in both windings will therefore also be at their full-load 
values. The Watts indicated by W (in Fig. 163), will then 
represent the full-load copper losses in both the primary 
and the secondary whalings; and the value may be inserted 
at once in Formula 46 (p. 244) when calculating the 
efficiency, instead of working out these losses as on the 
preceding page. 

There are two points about the above test which need 
explanation: — (a) How is it possible to get the full-load 
currents by applying a much lower voltage at the primary 
terminals than that at which the transformer is normally 
intended to work ? (6) How is it that some of the watts 
indicated by W do not represent iron losses ? 
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Although, in the above test, the full-load current is got 
through the secondary, the latter is giving practically no 
output in watts. The reason is that as the resistance of the 
ammeter is exceedingly low, the voltage at the secondary 
terminals, and therefore tha output of the transformer, will 
be virtually zero. It follows then that practically all the 
watts supplied to the primary are dissipated in the trans- 
former windings. 

The only em.f. that has to be induced in the secondary 
winding is that necessary to send the full-load current 
against the resistance and the reactance, i.e., against the 
impedance of that winding. This e.m.f. will therefore be 
only a small fraction of the normal secondary e.m.f. And 
as the e.m.fs. induced in the primary and secondary wind- 
ings are alw r ays proportional to each other (Formula 44, 
p. 228), the e.m.f. induced in the primary, which is a hack 
e.m.f., will also be very small. 

The voltage applied to the primary terminals has only 
to send the full-load current against the impedance of the 
primary winding, and to neutralise the above-mentioned 
back e.m.f. And since these values are very small, the 
voltage required on the primary is also very small. In 
other words, the primary voltage necessary for setting-up 
the full-load current in a short-circuited transformer is a 
small fraction of the normal input voltage. This answers 
question (a) on the opposite page. 

The answer to question (&) on the same page is as 
follows:— 

Formula 43 (p. 227) for the e.m.f. (E s ) in the secondary 
circuit is : — 

4447VF 
10 8 

As the secondary terminals are short-circuited in the 
test (Fig. 163), the voltage E a required to be induced in 
the secondary winding to produce the full-load current 
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therein will be very small. And since the number of turns 
and the frequency are the same as when the transformer is 
working under normal conditions (see equation), the value 
of the flux F must also be very small. On account of 
this, the counter e.m.f. induced in the primary winding will 
also be small ; and this further explains why only a low 
voltage has to be applied to the primary winding when 
performing the test. Now, as 
the iron losses depend on the 
magnitude of the flux, and 
since — as just explained — the 
flux is very small when the 
transformer is on short circuit, 
therefore, in this test (Fig. 163), 
the iron losses will be negligible 
compared with the copper 
losses. 

The advantages of the no- 
load and short-circuit tests 
(Figs. 162 and 163) are that they are very easily performed, 
that they absorb but little power, and that the regulation 
of the transformer can be determined from them in the 
manner described in § 89c, i*he particular tests described 
are only applicable to single-phase transformers ; but similar 
tests may be arranged for two- and three-phase transformers. 

84. TWO- AND THREE-PHASE TRANSFORMERS— 
The pressure on two- or three-phase circuits may be de- 
creased or increased by connecting Bingle-phase transformers 
in each phase of the circuit ; and this is often done. But 
instead of employing separate transformers, it is more econ- 
omical, as far as iron and the space occupied is concerned, 
to combine them by winding each phase on a separate core 
and using a common yoke for all the cores. Thus Figs. 164 
and 165 show diagrammatically the arrangement of two- 
and three-plme transformers respectively. 



Fig. 164.— Diagram of TVo- 
Phase Transformer. 
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An actual three-phase transformer is illustrated in Fig. 
166 ; and Fig. 167 shows a corrugated sheet-steel tank in 
which it is placed, immersed in oil. This oil acts not 
only as a cooling medium (§ 86), but also as an excellent 
insulator. 

The four low-pressure terminals are seen on the near 
side of the transformer in Fig. 166. The nearest terminal 
in the figure is connected 
to the junction of the three 
leads seen at the bottom 
of the transformer, this 
junction forming the star 
point. 

The ends of the high- 
tension windings, as well 
as a number of tappings 
therefrom, terminate at 
the porcelain-insulated ter- 
minals seen on the far side 
ot the transformer. Fi S- ,66 ' _ ?S 0 ™°e r T1 ’ rf '' rl>a56 

Berry three-phase trans- 
formers are built-up by simply mounting three single- 
phase transformers (Fig. 159) one above the other, and 
fixing on the top the necessary terminals for the set. 

On a three-phase system, the question as to whether the 
transformers shall be grouped single-phase, or the combined 
type, is often a mere question of expense, since the arrange- 
ments are equally good electrically. For example, in a 
small three-phase power-station it is generally more econo- 
mical to instal groups of three single-phase transformers 
instead of single three-phase transformers. The reason is 
that the always-necessavy spare plant in the first case need 
never exceed say one single-phase transformer per group ; 
whereas in the other case, one or more three-phase trans- 
formers (each costing between two and three times as much) 
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would be required. But when there are a large number of 
transformers in the station, it is more economical to instal 

three-phase trans- 
formers. 

Suppose a 110- 
fcVA, 50-cycle, single- 
phase transformer 
costs £130, and a 
330-kVA three-phase 
transformer for the 
same frequency costs 
£320. 

For a small station 
of say 330 - kVA 
capacity : — 

Cost of 4 single- 
phase transformers = 
£520. 

Cost of 2 three- 
phase transformers^ 
£640. 

Thus in this case 
single-phase trans- 
formers involve the 
lesser outlay. 

Now consider a 
station of say 1980- 
kVA capacity: — 
transformers required 

= 18. 



Fig. 166 .- 


-Three-Phase Transformer. 
{Ferranti.) 


No. of 110-kVA single-ph 
_1M0 
"”110 

No. of 330-kVA three-phase transformers required 
1980 


330 


= 6 . 


Assuming that three spare single-phase transformers Oe 
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considered sufficient in the former case, ie. t one to each two 



Fig. 167. — Steel Tank for Oil-Immersa:] Transformer. (Ferranti.) 


groups, then in the latter case two three-phase transformers 
will suffice. We then get : — 

Total cost of 21 single-phase transformers = 21 x 130 
= £2730. 

Total cost of 8 three-phase transformers = 8 x 320 = £2560. 
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Thus it is clear that for large stations three-phase 
transformers are cheaper, even after allowing for more 
spare plant. 

The use of single-phase transformers has the advantage 
that in the event of a breakdown of one phase, it is com- 
paratively easy to remove the single-phase transformer 
concerned, and substitute another. But such an occurrence 
in a three-phase transformer would obviously entail the 
substitution of a complete fresh transformer. 

On the other hand, when generating stations (or — more 
often — sub-stations) are situated in the centre of a thickly- 
populated district, the question of floor-space has to be 
considered very carefully. In such cases, the greater 
compactness of three-phase transformers renders them much 
more advantageous than single-phase transformers. 

85. STAR- AND MESH CONNECTED THREE PHASE 
TRANSFORMERS. —Whether a three-phase transformer be 
composed of three single-phase transformers, or be of the 
composite type (Fig. 166), it is clear that its windings may 
be connected either in star or in mesh ; and it may be 
represented as in Figs. 168 or 169. 



Fig. 168. — Star-Star Transformer. Fig. 169.— Mesh-Mesh Transformer. 


It is also frequently the case that the primary is con- 
nected star, and the secondary mesh, as in Fig. 170; or 
vice versa. 

The actual transformer in Fig. 166 is star-connected, and 
the terminal joined-up to the star-point enables the 
transformer to feed into a four-wire system, such as that 
diagrammed in Fig. 105. 

It is useful to know of the above various methods of 
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connecting three-phase transformers, but their respective 
advantages are too involved for consideration here. 

86. COOLING OF TRANSFORMERS. — The capacity or 
rating of a transformer (or in other words, its output) is 
partly limited by the necessity of preventing the overheat- 
ing of its core and windings, and the damage that would 
result to the 
insulation of 
the latter. It 
follows then, 
that if means 
are provided 
for getting rid 

of the heat Fig. no.-Star-Mesh Transformer, 

quickly, the 

output will be sensibly increased, especially in large sizes. 

A transformer is generally said to be air-cooled when it 
is installed with its core and windings fully exposed to the 
air inside the transformer house. In oil- cooled transformers , 
the case is filled with a special kind of oil which serves the 
double purpose of conducting the heat from the transformer 
to the sides of the case, and of improving and maintaining 
the insulation of the windings. The sides of the case are 
generally corrugated as seen in Fig. 167, in order to present 
a larger surface to the outer air. 

Water-cooled transformers are oil-cooled transformers 
with the addition of a pipe-coil immersed in the oil and 
connected externally with a water-supply. The flow of 
initially cold water through the pipe-coil is very effective 
in carrying off the heat from the oil. Water-cooling natur- 
ally complicates the arrangements for a transforming plant, 
and is usually only adopted in very large stations, where 
the transformers may be 10 feet or more in height. 

In air-blast transformers , means are provided for forcing 
cool air through the iron case in which the transformer is 
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“ housed." This method is not so effective as oil or water 
cooling; and it is not suitable for high-voltage transformers, 
as the accumulation of dust which takes place tends to 
breakdown of the insulation. 

87. AUTO- TRANSFORMERS.— An auto-transformer is a 
kind of transformer with one winding only, part of this 
being common to both the primary and the secondary 
circuits. The latter are consequently in metallic connec- 
tion. 

The ordinary auto-transformer is used for reducing the 
primary pressure for the secondary circuit; but in some 
cases it is arranged to increase the pressure slightly, and 
may then be termed a reversed auto -transformer. As the 
two circuits are in connection, the apparatus is not suit- 
able for use on high-voltage circuits. It is generally 
employed for motor-starting work, and also for reducing 
the ordinary supply pressures of 250 volts or under to suit 
arc lamps, low- voltage metal-filament lamps, and other 
circuits. The “inverted” type is used when a number of 
arc lamps in series require a voltage slightly higher than 
the supply vol tage. 

The auto-transformer cannot do more than the ordinary 
transformer does; and the fact that the primary and 
secondary circuits of the latter are isolated from each 
other is a distinct advantage, especially when the trans- 
former is of the step-down type. But when the isolation 
of the circuits is not of first importance, the auto-transformer 
has the advantage of lesser size and cost, as the separate 
secondary winding of the ordinary transformer is dispensed 
with. This is one reason why the auto-trans former is 
sometimes termed an economy coil. 

The principle of the auto-transformer is as follows; — 
In Fig. 171, Q represents the winding of a* choking coil, 
suitable for connection to a supply pressure of (say) 200 volts, 
and V is a voltmeter with one side permanently connected 
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to one terminal T of the choker. Now it is obvious that if 
we connect the wire w from the other aide of V to the 
terminal T of the choker, V will indicate the full supply 
pressure; and that if we make connection with w at some 
intermediate point, such as at t or t\ we shall get something 
less than the full pressure. 

It follows from the above that if we connect a lamp- 
circuit L (or a distribution 

box) to one terminal T and -r ^ 

the midway point t of the 2 i 0 § , <Q\ 

winding, as in Fig. 172, the Voi { t3 ^ j§l t 

secondary circuit S will be 2 — 

fol at half the P rimar y Fig. 171.— Principle of Hie Auto- 

voltage, in this case 100 Transformer. 

volts. If the connection 

were made a quarter the distance (measured by the number 
of turns) from T, i.e., at t\ the voltage on S would be 
one-fourth the supply-voltage, viz. 50 volts. It is thus a 
very simple matter, in constructing an auto-transformer, 
to arrange for the connection of the terminals of the 
secondary circuit so as to get therein any required fraction 
of the primary voltage: arid some auto-transformers have 
more than one tapping, so that the secondary voltage may 
be adjusted to suit different requirements. 

In Fig. 172, the whole winding T to T may be said to 
act as the primary, aud the portion T to t as the secondary. 

Now, assuming that the losses in the auto-trans former 
are negligible, the power in the secondary circuit i.v equal 
to that taken from the mains. Thus if I P and = primary 
current and voltage respectively, and l s and /^ — secondary 
current and voltage respectively, 

We have : — 

Ip A 

. / J ' xE p 

•* ib '~ 
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But it has been shown that E s depends entirely upon the 
proportion of the total turns TT included between Tt, 

Hence : — 

T T total turns between TT 

5- (47) 

no. or turns between 1 1 

If the primary current was, say, 10 amperes at 200 

volts ; then, when 
the tapping t is 
midway between 
TT, the output on 
the secondary side 
would be 20 am- 
Fig, 172.— Principle of the Auto-Tranaformer. pereS at 100 Volts. 

Or if ^ was a tenth 

of the distance (measured by number of turns) from T, the 
secondary current would be 100 amperes at 20 volts. 

These figures show very distinctly the usual function of 
an auto-transformer, namely, the conversion of a small 
current at a high voltage to a large current at a low 
voltage. This function is thus the same as that of a step- 
down ordinary transformer. 

Let us next consider why the auto-transformer is more 
economical than an ordinary transformer. For this purpose 
we will take the case when t is ntodway between T and T , 
with the currents and voltages of the values just given, 
Referring to Fig. 173, at a certain instant the conductor 
A will be -+■ and B-; and a current of 10 amperes will be 
flowing in the primary in the direction of the full line 
arrows, At the same instant, the pressure of the lead C 
in the secondary circuit will he 100 volts above that of I): 
consequently the direction of the 20 amperes in that circuit 
will be as indicated by the dotted arrows. It follows that in 
the portion PS, common to the primary and secondary circuits, 
there will be a current of 10 amperes flowing from £ towards 
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T, as indicated by the double-headed arrow. This current 
will unite at T with the 10 amperes from the mains to give 
the secondary current of 20 amperes in conductors C and D, 
When this 20 amperes returns to t, it divides, one half flow- 
ing through PS and the other half through P. In other 
words, the main or primary current of 10 amperes flows via 



Fig. 173. — Distribution of Currents in an Auto-Transformer, 


A, T, C, X, 1), t ) T, B ; and the current of 10 amperes from 
the portion PS flows via t, T, C, L , D, t. 

If an ordinary transformer were employed for attaining 
the same purpose, the arrangement and the distribution of 
the currents at the instant considered above would be as 
shown in Fig. 174. In comparing the two diagrams and 
the currents carried by the different portions of the circuits, 
it will be evident that the whole of the winding P, PS in 
Fig. 173 need only be the same size and length as the 
primary P alone of Fig. 174. Thus, the copper required 
for the secondary winding S in the latter figure is entirely 
saved by using an auto-transformer, this effecting an 
economy in copper of 50 per cent, in the particular case 
considered, since in ordinary transformers the weights of 
copper in the primary and secondary windings are prac- 
tically equal 
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The 50 per cent, figure for the economy in copper effected 
by using an auto-transformer relates to a transformation- 
ratio of two (see page 229). The actual saving, however, 
varies with the ratio of transformation ; the smaller the 
ratio the greater the economy. Thus, if the pressure on 
the secondary is to be one-fourth that of the primary, the 



transformation ratio will be 4, and the saving of copper 
only 25 per cent. 

A disadvantage of the auto-trausformer, alluded to at 
the beginning of this section, is that the secondary is con- 
nected with the primary circuit ; and it is therefore possible 
to get shocks at higher voltages than the normal secondary 
pressure under certain conditions. But when one of the 
supply mains is earthed, this drawback is minimised by 
connecting one of the secondary ends of the " auto.” to the 
earthed main. Thus, in Fig. 173, AT should be the earthed 
main, and if this is so, the p.d. in the secondary circuit 
cannot rise higher than the normal voltage therein. 

Fig. 175 illustrates an auto-transformer in which the 
secondary voltage is higher than that of the supply, and 
one use for such an arrangement would be to enable say five 
50-volt arc lamps to be run in series off 200-voH supply 
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mains. It will be Been that the arrangement is the reverse 
of the ordinary, the secondary circuit taking its supply off 
the whole of the winding, while the supply mains are con- 
nected to a portion only. In tins case we may say that the 
portion S is virtually ^ 

a secondary winding 7 g> | 

connected in series >j jg 

with the primary P 9- PJg 

and that the extra ? §| ^ 

pressure in the second- — / 

ary circuit ia due to Fi *' «*—«•""•« Aoto-TWon™. 
the extra volts induced in S. 

Fig. 176 shows a type of auto-transformer with a number 
of secondary wires connected to it at equidistant points. It 
is termed a balancing auto-transformer, and one of its uses 
is to feed low-voltage circuits through special distribution 
boards* The arrangement may also be applied to the 
secondary winding of an ordinary transformer. 

88. CURRENT TRANSFORMER— It has been found 
difficult to construct instruments to carry alternating 
currents greater 

I than about 100 

amperes; and, for 

~S circuits working at 

or above 1000 

^ volts, it is neces- 

Fig. 176. — Balancing Auto -Trans former. have the 

instrument circuits 

isolated from the high-pressure conductors. For these 
reasons, transformers are very often employed in con- 
junction with ammeters, wattmeters, and energy meters; 
the primary in each case being in series with the conductor 
carrying the current to be measured, while the secondary 

* See the Author’* Electric Wiring, Fillings. Switches, and Lamps 
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Fig. 17?.— Current Transformer. (flrfttsA 77mwurm- 
Houston Co.) 


is connected directly to the instrument circuit, as shown in 
Figs. 113 and 114. 

In Fig. 177 we have one of various forms of current 
transformer , and Fig. 178 illustrates the same diagram- 
matical ly. 
The latter 
figure shows 
that the 
primary con- 
sists of a 
straight 
heavy con- 
ductor PP, 
round which 
is an iron 

core C built up of annular ring laminations. The second- 
ary S consists of a large number of turns (1000 turns 
m Fig, 177) of fine wire wound round C, and its two ends 
TT are connected to the indicating instrument. The 
primary and secondary windings are insulated from each 
other by a porcelain tube. 

When an alternating cur- 
rent passes along PP, it sets 
up an alternating, flux in the 
iron ring C, causing an alterna- 
ting e.m.f. to be induced in 
the windings S in the way 
already explained in § 73. 

The value of the e.m.f. so 
induced is practically propor- 
tional to the current in the 
primary, consequently the current sent through the in- 
dicating instrument will vary directly as the current in the 
main circuit. 

The actual transformer shown in Fig. 177 is suitable for 



Fig, 17U. — Diagram of Current 
Trans former.' 
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measuring currents up to 5000 amperes; and since the 
transformation ratio is the maximum current through 
the indicating instrument will not exceed 5 amperes.* The 
primary conductor PP is built up of massive copper plates, 
and the bus-bars (or other parts of the main circuit into 
which the transformer is to be inserted) are formed of 
similar plates which fit between and can be bolted through 
to those on the transformer. The secondary terminals are 
seen at TT } and PI is the porcelain insulator already 
mentioned. 

In order to ensure accuracy of readings under all con- 
ditions, the iron cores of current transformers are constructed 
of laminations possessing the minimum hysteresis and eddy- 
current losses; and they are worked at very low ilux-densities. 
Their leakage flux (§ 74) is negligible. 

89. “REGULATION” OF TRANSFORMERS.— When 
the voltage applied to the primary circuit of a transformer 
is kept constant, the terminal voltage on the secondary side 
almost invariably rises as the load is decreased. The ratio 
of the rise in voltage between full load and no load to the 
full-load voltage is termed the regulation of the transformer. 

Thus — 


Rise in secondary volts 
Percentage _ between full load and no load 
Regulation Secondary volte at full load ^ 


( 48 ) 


The less this value the better the transformer, for 
clearly, a good transformer should keep its secondary 
pressure as constant as possible under all conditions of load. 

The regulation value of a transformer depends upon its 
design and upon the character of the secondary load : the 
less inductive the load, the better the regulation of a given 
transformer. 

The most direct method of determining the regulation 
* See Formula 45, p. 241. 
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would be to take a reading of the voltage at full load, and 
another at no load, and therefrom obtain the rise in the 
secondary voltage. 

This procedure would involve loading the transformer: — 
(a) On an artificial inductive load formed of choking 
coils and resistances. 

or (b) ou an artificial non-inductive load such as a 
water trough. 

An artificial load is one that can be rigged -up in the 
testing department. 

Neither of the above methods is adopted to any extent 
in practice, one reason being that a large amount of power 
would be necessary, especially with large transformers- 
Further, the (a) method would necessitate expensive 
adjustable choking coils and resistances, while the (b) 
method would only give the regulation at unity power 
factor. 

When it is possible to adopt the (a) method, a set of 
curves can be got out for each transformer, showing the 
regulation at different loads and at different power factors. 
89a. d stermination of the regulation of 

SINGLE-PHASE TRANSFORMERS. —The regulation of a 
transformer is generally worked-out with the help of values 
obtained from the no-load and sl^ort-circuit tests (Figs. 162 
and 163); but before detailing the method, it is necessary 
to investigate one or two preliminary matters. 

It was explained in § 83 that when the secondary of a 
transformer is short-circuited, the voltage required on the 
primary to cause the full-load current to circulate in the 
two windings is very small in comparison with the normal 
working voltage,* For the primary voltage in Fig. 163 has 

• It should he evident from what was said in § 83 that if the normal 
voltage were applied w'heu the secondary terminals were short-circuited, the 
primary and secondary currents produced would be many times their full- 
load values, and would probably be sufficient to burn out the windings. 



§ 89 a .] Regulation of Transformers 263 

only to send the full-load current through the impedance of 
the primary winding, and to induce in the secondary 
winding a low e.m.f. sufficient to send the full-load current 
against or through the impedance of that winding. 

It is therefore possible (on our working diagram) to 
substitute for the primary and secondary 
windings a single winding having the 
same impedance as the sum of the im- 
pedances of the two transformer coils. 

Thus, in Fig. 179, the winding C (con- 
sisting of the resistance M and induct- 
ance L) can be assumed to be such that 
the same primary current / is produced 
in it by the same terminal volts V f and 

with the same phase-angle betweeii Fig. 179. -Circuit equi- 
,i . ,i . valent to a, Short-Cir- 

them, as m the case ot the short-circuit Cll it e d Transformer. 

test of the actual transformer.. 

Since this equivalent circuit consists only of resistance 
arid inductance in series, its vector diagram is akin to 
Fig. 72, in so far that 01 in that figure represents the 
^ current in the circuit, 00 the 

/ applied voltage, and the lag of 
the current behind the voltage. 

Thus in Fig. 180, 01 repre- 
sents the full-load current through 
— C (Fig. 179), OA the voltage re- 

Fig. 180. — Relation between the ^ *? P r0(luCe this 

Voltage »mi Current in the and AO I the phase-angle or 
Equivalent Circuit in Fig. ailg i e 0 f } ag between them. This 

angle is got from the readings 
taken on the short-circuit test (Fig. 163), since by Formula 
29, p. 142, 

wattmeter reading , . _ _ 

— 7 7 - — vt — = power factor = cos AOI. 

primary current x primary voltage r 
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Fig. 179 leads us to Fig. 181, which is an imaginary 
circuit diagram on which our final calculations of the regula- 
tion will be based. This figure is Fig. 179 with two trans- 
former windings added to it, but the transformer is to be 
considered as an “ ideal transformer * IT , ie., one which has 
neither resistance nor inductance, these two quantities 
being assumed to be transferred to the coil 0. 

Further, we are first going to deal with a transformer 


C 



with unity transformation ratio, i.e. t one with an equal 
number of turns on each winding; and IT in Fig. 181 is 
assumed to be likewise. Now, in an actual transformer 
with a 1 : 1 ratio, it is the resistance and the inductance of 
the windings that produce a difference between the primary 
and secondary terminal voltages. ^Since IT t however, is to 
be regarded as having neither resistance nor inductance, its 
primary and secondary terminal voltages can be assumed to 
be equal at all loads. 

89b. determination of the regulation of 
SINGLE-PHASE TRANSFORMERS (continued). — Having 
now examined the preliminaries, we can proceed to investi- 
gate the method in which the no-load and short- 
circuit tests are utilised, and the further calculations 
involved. 

It should be remembered that we are at present dealing 
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with a transformer having unity transformation ratio, so 
that the effect of stepping the voltage up or down does not 
yet have to be taken into consideration. 

We have first to calculate the secondary voltage that the 
real transformer will give at a full load of a certain power 
factor, when the correct working voltage is applied to its 
primary. The no-load secondary voltage of such a trans- 
former is practically the same as that of the primary, so 
that the calculation of the regulation by Formula 48 (p. 261) 
is then a matter of simple arithmetic. 

Let us now get to our calculations. 

Let us assume that the load is partly inductive, and that 
its power factor is known. 

When the full-load currents are flowing in the circuits 
(Fig. 181) with a constant supply voltage V v the voltage 
V t absorbed by the coil C will be the same voltage as OA 
in Fig. 180, since R and L in Fig. 181 are assumed to have 
the same values as in Fig. 179. The value of OA is the 
same as that of V in the short-circuit test (Fig. 163), and 
the angle AOI is obtained from the results of that test in 
the manner explained on p. 263. 

As already stated, the secondary voltage of the ideal 
transformer IT (Fig. 181) is exactly equal at all loads to 
that of the primary, so that, if we can determine the voltage 
V 2 across the primary of such a transformer, that will also he 
the voltage across the load. This explains why the imaginary 
circuit in Fig. 181 is used. 

The value of F 2 can be found by additional working upon 
Fig. 180 as follows : — 

i Let 01 (Fig. 182), be the current vector; then OA (cor- 
responding with OA in Fig. 180, where it represented the 
voltage at the terminals of C) now represents the voltage 
drop in C, in Fig. 181 ; the angle AOI (as in Fig. 180) being 
made equal to the phase difference between the current and 
the voltage across C, and being determined from the power 

io — (T.jiai) 



i66 Alternating-Current Work [chap, v, 

factor as explained on p. 263. Next draw OB at an angle 
BOI, such that cos BOI gives the power factor of the load 
on the secondary circuit. 

It should be noted that the lag AOI in Jigs, 180 and 
1.82 is deduced from the p.f. calculated from the short- 
circuit test, and is due entirely to the inductance of the 
transformer windings. On the other hand, BOI (Fig. 182) 
is the angle of lag produced by the inductance of the 
secondary load; that is to say, BOI will be the phase 
difference between the current and the voltage in the 
secondary of our ideal transformer. 

Now, since IT has neither resistance nor inductance, the 
phase difference between the current and the voltage may 
be assumed to be exactly the same in its primary and 
secondary windings, so that BOI will also be the angle ot 
lag in the primary of IT. 

With centre 0 (Fig. 182), and radius equal to the supply 
voltage V 1 in Fig. 181 (to the same scale as OA represents 
F 3 ), draw arc D. The end of the vector representing the 
applied or supply voltage must lie on this arc. AE is next 
drawn parallel to OB and EF parallel to AO. Since the 
resultant of (ligand OA is given by the diagonal OF (§ 25) 
representing the supply voltage, then OF represents the 
voltage F 3 across the primary of t^e ideal transformer, and 
therefore that across the load. 

In other words, as V % and V 2 in Fig. 181 are due to V v 
and as in Fig, 182 we started with one component OA 
( = V 3 ) and the resultant OF (=:Fj), the other component 
OF must be equal to V 2 . 

The length of OF (measured-off to the same scale aj 
that to which OA and the radius of the arc D were drawn) 
will thus give the full-load secondary voltage of the trans- 
former to which Fig. 181 relates. 

On no load, the secondary voltage would be practically 
the same as the input voltage. Thus in Fig. 182, OR 
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represents the secondary voltage on no load, and OF the 
secondary voltage on full load. 

Hence, by Formula 48, p. 261, 

Percentage Regulation q ^ 

of the transformer = — v - x 100. 


So far, the transformation ratio lias been assumed to be 
unity. The further calculation required, however, if the 



Fig. 182. — Vector Diagram for Circuit showh in Fig. 181 . 


ratio it* other than unity — as is practically always the case 
—is very simple. Thus if the transformer has a ratio of 
1 to 5, the actual no-load and full-load secondary voltages 
will be five times the above values of V x or OE and V 2 or 
OF respectively. Or if the ratio is 8 to 1, the no-load and 
full-load terminal voltages on the secondary side will be $ 
of the above values. The transformation ratio can be 
determined experimentally from the no-load test (Fig. 162). 

It should be evident from the foregoing that a trans- 
former may be regarded as being partly an inductive coil, 
and partly a “ voltage-changer," the latter function being 
performed without any volts being absorbed. 
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89C. DETERMINATION OF THE REGULATION OF 
SINGLE-PHASE AND POLYPHASE TRANSFORMERS.— 

The following is an actual example of the calculation of 
the regulation of a single-phase transformer : — 

Example. — The following readings were obtained on a 
10 -kVA transformer: — On the no-load test (Fig. 162) the 
primary volts were 2000, and the secondary volts 500. On 
the short-circuit test (Fig. 163), the primary volts were 135 
when the secondary current was 20 amperes , the primary 
current being 5'1 amperes, and the primary watts 283. 
Determine the regulation of the transformer , and the actual 
secondary voltage at a full load having a power factor of '8. 

From the no-load test readings and Formula 45 (p. 241), 
we have : — 

Transformation ratio = = 4. 

500 

From the short-circuit test readings and by Formula 29, 
p. 142, we have : — 

283 

Power factor on short-circuit = = -411. 

13 o x 51 

angle of lag of current behind voltage, of which ’411 is 
the cosine value, may be seen from the Table on p. 271 
to be between 65* and 66*. The actual value is 65* 44\ 

In Fig. 183, 01 is the primary current vector, and OA 
represents to scale the primary voltage on the short-circuit 
test ( = 135), leading 65* 44' in front of the current. 

Since we are told that the power factor of the secondary 
load will be *8, and as *8 is the cosine of an angle of 36* 52", 
the latter will be the phase difference between thesecondaiy 
current and the secondary terminal voltage. Hence we 
next draw OB such that the angle BOI is 36* 52'. Then, 
with centre 0 and radius (to same scale as before) equal to 
2000 (the ‘primary impressed voltage), an arc D is drawn. 
On this arc must lie the end of the vector representing the 
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applied voltage. AS with E on the arc D is next drawn 
parallel to OB, and EE parallel to A0> 

It should be now evident that the parallelogram OFEA 
is very similar— except in dimensions— to that iu Fig. 182; 
so that if the transformation ratio were unity, OF would 
represent the secondary voltage on the full load, and OE 
the secondary voltage on no load. Actually, however, the 



Fig. 183, — Diagram for determining the Regulation of a 
Transformer. 


ratio of transformation has already been found to be 4, so 
that we must first ascertain by scale measurement what 
voltage OF represents ( = 1880), and then divide it by 
the transformation ratio (4) to get its true value, thus 
1880 

— — —470 volts. We already know that the secondary 

voltage on no load is 500. 

Hence : — 

' 500-470 _ 

Regulation = — — X 100 

= 6*38 per cent. 
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If the value of the regulation was required for a 
secondary load of a different power factor, this could easily 
be determined in the same manner after altering the angle 
BOI to correspond. 

The regulation of a polyphase transformer can be ascer- 
tained by working out Fig. 182 for one phase only. There 
is an additional point, however, which must be taken care 
of, namely, the calculation of the power factor from the 
short-circuit test. The power factor for a polyphase trans- 
former is given by : — 

Watts per phase 

Primary phase cui'Tent X primary phase voltage 

(48a) 

This formula will be self-evident from the definition of 
power factor in § 44. 



89i>. Table of Xatural Sines, Tangents, etc. 

N.B . — Take the left-hand column of degrees for sines and tangents, and the right-hand column for 
cosines and co-tangents. 
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• CHAPTER V.— QUESTIONS. 

In answering these Questions , give Sketches wherever possible. 

Note. — Questions marked * range slightly beyond the subjcct-mattor of 
this Book. Those marked f can only be partly answered ^herefrom. 


fl. Why is it advisable to use iron for the magnetic circuit 
of a choking coil, and why should there be an air-gap 1 Give a 
proof of the law that the maximum power-factor is obtained if 
iron and copper losses are equal. (Ord., A.C . , 1909.) 

*2. Explain tho general principles of action of a transformer, 
and illustrate by a sketch, showing the different parts approxi- 
mately to scale, stating the material of which each part is made. 
(Grade 11 , A.C., 1913.) 

3. Deduce an expression for the virtual value of the electro- 
motive force in volts in a coil of n turns, due to a magnetic 
flux with crest value of ATx 10® lines interlinking the coil and 
varying as a sine function of the time at a frequency of / cycles 
per second. ( Ord ., A.C . , 1911.) 

A ns. ‘0444 n/N. 

4. What does the term “ magnetic leakage" mean, as applied 
to an alternating-current transformer 1 Give sketches to Bhow 
how it can occur (a) in a core-transformer with “sandwiched” 
windings, ( b ) in a core-transformer with concentric (cylindrical) 
windings. What has the leakage to do with the voltage-drop'! 
(Ord., A.G., 1910.) 

*5. What is meant by the magnetising current of a trans- 
former, and what is its phase-relation to the supply voltage? 
Find the value of the magnetizing current of a transformer with 
closed iron circuit, and of which the data are as follows : — 

Primary voltage .... 2200 

Primary turns 320 

Area of core 130 square ina. 
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Mean magnetic length of core . 40 ins. 

Permeability of iron . 2000 

Frequency of supply .... 50 periods per 

second. 

{Ord., A.C., 1908.) 

Ans. *33 ampere. 

Auxiliary Note.— T he maximum value f of the flux is calculated 
from Formula 42, p. 227. Then if l be the length of the magnetic path in 
eras., a the cross section of the core in square ema., and fi the permeability * 
of the iron : the maximum value of the ampere-turns in the primary 
necessary to produce the flux F is *8fF t 

fia 

Dividing the ampere-turns (thus determined) by the primary turns gives 
the maximum value of the magnetising current ; and the r.m.s. value of 
that current can then be obtained (page 78). 

6. In a single-phase transformer intended for use on con- 
stant pressure mains, explain (a) why the flux through the iron 
core is very nearly independent of the load ; (6) why the 
applied potential difference on the primary and the electro- 
motive force in the secondary are nearly 180 degrees out of 
phase ; (c) why magnetic leakage produces a greater effect on 
the regulation with inductive than with non-inductive loads. 
{Ord., A.C., 1911.) 

7. An installation has been wired for a pressure of 200 
volts, a drop of 2 per cent, being allowed from the point of 
supply to the farthest lamp. If a transformer is subsequently 
used to reduce the pressure to 50 volts, what is the percentage 
pressure drop, assuming the same number of watts to be used 
in each case? ( JViremen’s Final , 1914.) 

Ans. 32 per cent. 

*8. A transformer of 10-kW capacity runs 6 hours a day at 
full load and 5 hours a day at one-half load, while for the 
remaining time it runs light. What is the difference in yearly 
running cost between one transformer having at full load 1 per 
cent, iron loss and 2 5 per cent, copper loss and one having If 
per cent, iron loss and If per cent, copper loss, when the cost 
per unit (kw.-hour) is l|d. ? {A.U.I.E.E. Exam., 1914.) 

* Set the Author’s Electric Lighting and Power Distribution, Vol. I. 
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Ans. £2, 8s. The copper loss has to be assumed to vary a3 
the square of the load. 

9. In three-phase work one occasionally finds three single- 
phase transformers used instead of a single three-phase trans- 
former. Discuss the relative advantages of these alternatives 
for the different cases that may arise. ( Ord., A.C . , 1910.) 

10. What is an auto-transformer? Are there any advan- 
tages in using an auto-transformer for house-lighting ? In what 
circumstances would auto-transformers be inadmissible ? ( Ord 
A.C. , 1908.) 

11. Make a diagram of the connections of an auto-trans- 
former connected up on the same principle as an economy coil. 
Is this arrangement more economical than a plain transformer 
with two separate windings? (B'ircmen’s Final , 1910.) 

*12. What was the object of using an auto-transformer for a 
metal filament lamp installation ? Make a diagram showing 
how it should be connected up on an installation supplied from 
one side of a three-wire system. (Winmris Grade I. t 1912.) 

13. Describe what is meant by an auto-transformer (or com- 
pensator) and indicate the currents in the windings of a 100-kw. 
3-phase star-connected auto-transformer having a ratio of 
1000 to 400 volts. ( A.M.I.E.E . Exam., 1914.) 

Ans. 57*7 and 86-5 amperes approximately, assuming the 
efficiency to be 100 per cent. 

Notr. — The use of the term “ compCDsator ” as an alternative for 
“ auto-transformer ” is not to be recommended, for it is not clear what the 
apparatus compensates for. 

14. Describe a simple test, requiring little power, for obtain- 
ing such data that you can pre-determine the voltage-drop of a 
transformer at any load and any power factor. (Ord., A.C, 
1909.) 

1 5. What tests requiring little power will you make to obtain 
the information necessary for determining the voltage drop of 
a transformer under any conditions of load ? Give the theory 
of this determination, (Ord., A.C. , 1911.) 

16. The resistance of the windings of a transformer being 
given, explain a method by which, from the short circuit test 
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and the open circuit test of the transformer, you can predict 
the voltage drop at any load and any power factor. ( Grade II., 
A.C., 1912.) 

17. Explain how the efficiency of a transformer may be 
estimated by a full voltage no-load test, and a test on short- 
circuit with full-load current in the secondary. Iiow may the 
pressure regulation of the transformer on non-inductive load be 
found from these tests 1 ( Grade II., A.C. , 1913.) 

- * 18. Explain how the voltage drop of a transformer under 
any conditions of load can be determined from two tests which 
require only little power. What is the object of dividing the 
primary and secondary windings of a transformer into a number 
of coils, and how far should this division be carried! ( Grade II., 
A.C. , 1914.) 

19. What do you understand by the term “regulation ” oi 
a transformer! Describe a test involving small expenditure of 
power by which the regulation of a large transformer can be 
predicted for any load and any power factor. (Final, 1st Paper, 
1913.) 

*20. What points in the design of a transformer require 
special attention in order to get good “regulation” and high 
efficiency ! (Final, '2nd Paper, 1912.) 

*21. A certain oil-cooled single-phase transformer rated at 
70 k\ T A 10,500/3500 volts and 60 cycles requires the appli- 
cation of 700 volts on the primary winding to cause a current 
equal to the full load current to flow through the secondary 
winding, when the latter is short-circuited, the power absorbed 
by the primary under those conditions being 1’8 kilowatts. 
Indicate by means of a vector diagram how the full-load pres- 
sure regulation of this transformer at power-factors of 70 per 
cent, and 100 per cent, respectively can be approximately ascer- 
tained, and give the necessary data for such a diagram in the 
present case. Discuss the accuracy of the diagram you employ. 
(Honours, 2nd Paper, 1908.) 

Ans. The diagram will be similar to Fig. 1S2, but drawn 
to the following size A0I= 69“ ; B0I= (a) 45*6°, (b) 0*; 
OA - 700 ; 0£= 10,500 ; transformation ratio - 3. 



CHAPTER VI. 

MOTORS. 

90. ALTERNATING-CURRENT MOTORS AND THEIR 

CLASSIFICATION. — Alternating - Current Motors are 
machines which convert alternating-current energy into 
mechanical energy: and the electrical energy may be 
single-phase or polyphase. In other words, there are single- 
phase , two-phase, and three-phase motors. 

In most cases, the motor stator is similar in construction 
to that of the corresponding type of alternator. For 
example, the stator of a three-phase motor, in every respect 
except size, is similar to that of a three-phase alternator. 
Thus the particulars concerning windings, etc., in §§ 60 and 
62 apply equally well to the stators of most a.c. motors. 

As regards their rotors, on the other hand, a.c. motors 
usually differ from alternators .; and they can be divided 
into three groups, according to the type of rotor employed, 
viz. : — \ 

(«) Synchronous motors. \ Single-phase 

(b) Asynchronous or induction motors, r or 

(c) Commutator motors. J polyphase. 

Each of the above types will be considered in the 
following sections. 

91. SYNCHRONOUS MOTORS.— Think of two similar 
alternators, A and B, each driven by a steam engine, and 
connected in parallel with one another, as described in 
§ 67. Now if the steam were shut off from A * s engine, the 
latter would take current from alternator B , and would run 

378 
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as a motor and drive its own engine at exactly the same 
speed as the latter ran when it was taking steam. 

Alternator A would then be acting as a synchronous 
motor , that is to say, it would be running in synchronism <br 
in step with the generator to which it was connected. 

The above two machines would run at the same speed 
because they are supposed to be similar, and therefore to 
have the same number of poles. But it is possible for two 
' machines to run in synchronism and yet be at different 
speeds. Thus, suppose we take some other alternator (call 
it C) with a different number of poles, and connect it as a 
motor to alternator B. The actual speed of C will depend 
upon the number of its poles, and upon the frequency 
supplied by B, which would be proportional to B's speed. 
Thus, if B’ s frequency is 50 cycles per second, and if C has 
12 poles, the speed of C would be given by Formula I (p. 34). 
Thus : — 


J 60 

V ~ 


60x50 
6 


A synchronous motor, such as A or C in the above ex- 
amples, maintains a constant speed under all normal con- 
ditions of load. This characteristic is of importance in 
some applications. 

It will now be evident that synchronous motors are 
simply alternators used as motors ; so that their construc- 
tions are identical. 

The number of poles on an alternator depends upon 
the speed at which it is to be driven, and upon the 
frequency required. The number of poles on a synchronous 
motor depends upon the supply frequency, and upon the 
speed required. With a given frequency, the lower the 
speed the greater the number of poles. All this is evident 
from the above formula. 
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Like alternators, synchronous motors require continuous 
current for the excitation of their rotor poles. When a 
machine is used as an alternator, the magnetic lines of 
ttese poles sweep the stator windings and generate the 
e.m.fs. therein. When a machine is used as a motor, the 
alternating current passed through the windings sets up a 
rotating magnetic field (as will be explained presently), and 
this field acts on the poles of the rotor and maintains the 
rotation of the latter. 4s will be understood in due course, 
a synchronous motor is ri&t self-starting, unless it is wound 
for two- or three-phase current, and is fitted with a damper 
winding. Even then, it can only start under a very light 
load tpp. 192, 281, and 282). 

Fig. 1S4 shows the rotor and exciter armature of a 
synchronous motor. The rotor consists of a number of 
poles bolted onto the rim of a massive cast-iron or cast- 
steel wheel, and the pole-coils are connected in series to the 
slip-rings, as seen in the figure. It will be noticed that 
there is a damper winding fitted onto the pole-shoes. The 
object of this is to prevent unsteady running or hunting of 
the machine; and there is then much less liability of its 
falling out- of step with the supply current. The arrange- 
ment and action of the damper winding is explained in the 
next section. ^ 

The exciter armature seen in Fig. 184 forms part of a 
dynamo for supplying current to the winding on the rotor 
poles. Sometimes, as with alternators, the exciting current 
is derived from a separate machine. 

Fig. 185 shows a synchronous motor (on the right-hand 
side), driving a 600-kW continuous-current generator. The 
current for the excitation of the rotor of the motor is in 
this case supplied from a separate source. 

A synchronous motor -generator (as in Fig. 185) is 
sometimes used when continuous current is required, and 
the main supply is alternating. A rotary converter performs 
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the same function, but it differs in construction, the syn- 
chronous motor and the continuous-current generator being 
combined into a single machine. 



In addition to giving absolutely constant speeds at all 
loads up to the maximum, synchronous motors possess the 
additional advantage that if their fields be strongly excited, 
they act as condensers, in so far that they take a leading 
current. Thus they tend to compensate for lagging currents 
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due to inductive loads on other parts of the supply 

system. 

On the other hand, motors of this class as a rule have the 
serious drawback of not being self-starting, and additional 
apparatus must be provided for that purpose. The usual 
method is to fit a small continuous-current motor, or an 
induction motor ( § 92), on an extension of the shaft; this 
auxiliary motor being used only for running the synchronous 
motor up to its proper speed. The latter is then synchronised 
onto the mains in the same manner as an alternator (§ 67). 
Another method of starting, applicable only to three- or two- 
phase machines, utilises the damper winding already re- 
ferred to. The latter, during starting, acts like the squirrel- 
cage rotor of an induction motor (§ 97J, and the currents 
induced therein may be sufficient to start the machine on 
light load. 

When the reader has learnt something about rotating 
fields, it may appear to him that a polyphase synchronous 
motor without a damper winding ought to be self-starting. 
The reason it is not is that the rotating field of the stator 
starts off at full speed directly the current is switched on, 
this speed being too great to enable the field to overcome 
the inertia of the rotor. If means could be provided for 
starting with a stator current of very low frequency, and for 
gradually increasing the frequency, the poles of the rotating 
field {§§ 93 and 94) would move round very slowly to start 
with, and would— by their magnetic attraction of the rotor 
poles — be able to set the latter in motion. 

The fact that continuous current is necessary for excita- 
tion constitutes another disadvantage of the synchronous 
motor ; and yet another is that the motor will stop alto- 
gether if overloaded sufficiently to prevent the rotor keeping 
pace with the stator field. 

>On accouut of the above disadvantages, synchronous 
motors are only employed to a limited extent. 
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91a. “HUNTING’’ AND DAMPER WINDINGS.— The 

action of the damper winding of a synchronous motor may 
bo understood by considering the relative motion between 
a two*pole field-magnet NS (Fig. 185a) and the rotating 
magnetic field of the stator (§§ 93 and 94). The direction 
of rotation of both will be the same, and under normal 
conditions they will rotate at exactly the same speed. Let 
d, d (Fig. 185a) be the damper winding ; this consisting of 
copper bars passing through the 
pole faces and connected together 
at each end by copper strips, as 
seen in Fig. 184. 

Now, if a load be thrown 
suddenly on the synchronous 
motor, the rotor will start oscillat- 
ing or “swinging” relative to the 
stator field : i.e., it will first slow 

Fig. 185 a.— A ction of Damper d ()Wn a little, then it will accelerate 
windings. \ 

and rotate a little faster than the 
rotating flux, next it will slow down again, and so on. This 
action, known as hunting, will be indicated by the oscillation 
of the needle of the ammeter in the exciting circuit, for 
variable counter e.m.fs. will be induced in that circuit : and 
if the “hunting” is not checked, it often increases to a 
sufficient extent to cause the rotor to fall out of step with 
the rotating field, and then stop. 

When a damper winding is fitted, the relative motion 
due to “hunting,” i.e., the different speeds of the rotor and 
of the stator flux, induces e.m.fs. in the bars d d\ and 
the currents set up therein exert a magnetic drag which 
“damps out” t-he “ swinging” action. 

The relative motion between the rotor poles and the 
stator field due to “ hunting ” may be better understood by 
considering two trains, A and B (Fig. 185b), travelling on 
adjacent lines in the same direction. 
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Now, if A represents the rotating Held of the stator, and 
B the rotor, the “swinging” or “oscillation” or “hunting” 
of B would he represented by its alternately going a little 
faster and a little slower than A. 

Suppose the two trains were of equal length, and that a 
strong helical spring, SS t of the same length, was fixed to 
the front of A and the rear of B , and was suitably supported 
at intermediate points. The action of this spring would be 




Fig. 185b. —Train Analogy illustrating the Hunting and Damping 
of Rotors. 

analogous to that of the damping winding, for it would 
obviously tend to prevent any difference in speed betweey 
the trains A and B. The compression of SS would tend to 
prevent B going faster, and the elongation of SS would tend 
to prevent B going slower than A, 

It is for a similar reason, i.e., the maintenance of an 
even rotation, that damper windings are fitted on alternator 
rotors (see Figs. 126 and 126a); the cause of “ hunting ” being 
then chiefly due to the uneven torque of most reciprocating 
engines, especially oil and gas engines. 

°92. POLYPHASE INDUCTION MOTORS AND THEIR 
ROTATING FIELDS. — The 'polyphase (generally three-phase) 
induction motor is by far the most common type of a.c. 
motor, since it is exceedingly simple in construction, is 
very reliable, and can be arranged to start against a heavy 
load. The single-phase induction motor, which will be 
dealt with in §§ 107 and 108, is not so good in those and 
other respects. 

The principle of action of polyphase induction motors 
may be gathered from the following. 




2§4 Alternating-Current Work [chap. vi. 

When a dynamo or alternator is supplying current, a 
considerable torque is required to rotate the armature or 
rotor against the magnetic drag of the field. It follows, 
then, that if the part that is usually fixed were mounted 
so that it were free to turn about the same axis as the 
rotor, it would follow the latter in its rotation. 

Consider, for example, a simple 4-pole continuous- 
current machine, and suppose that the field -frame is 
capable of rotation concentrically with the armature ; and 
that the latter is connected-up through an external circuit, 
the field-windings being energised from some indepen- 
dent source through brushes and slip-rings. If, now, the 
armature were mechanically driven, e.m.fs. would be in- 
duced therein, causing current to flow round it and the 
external circuit in the usual way. And the magnetic drag 
that would consequently be produced would gradually set 
the field-frame in motion, until at length its speed of 
rotation would be considerable. 

It would then befouud that very little pressure or power 
was being generated in the armature ; for obviously there 
would be very little cutting of the lines of force of the field, 
since the latter would now be rotating as well as the armature, 
though not at the same rate. If the armature commutator 
brushes were short-circuited, or ^f the segments of 'the 
commutator itself were short-circuited (say, -by tightly 
winding a layer of bare copper wire round them) the field- 
frame would rotate at a higher speed. The reason of this is 
that the current in the armature due to a given induced 
e.in.f. would then be greater, and the magnetic drag would 
consequently also be greater. 

After the above, it is easy to understand that if the 
short-circuited armature were belted or otherwise geared 
to a machine, and if the field-frame were rotated by means 
of an engine, the armature would revolve in consequence of 
its being in a rotating field, and would drive the machine. 
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The foregoing furnishes the key to the action of a 
polyphase induction motor, wherein there is a rotating 
fkld in spite of the fact that the field-frame or stator is 
fixed. The rotation of the field is due to the polyphase 
current; and the rotor of such a motor is roughly com- 
parable with a continuous-current armature from which the 
commutator has been 
removed, and which 
di as had the free ends 
of its windings all 
connected together. 

The rotor might be 
simply a conducting 
cylinder, but by 
having insulated con- 
ducting strips or 
“windings,” the in- 
duced currents are 
confined to well- 
defined paths, and the 
torque or turning effort is thereby rendered greater. The 
simplest form of such rotor is the squirrel-cage rotor , which 
is described in §§ 97 and 105. 

93. PRODUCTION OF A ROTATING FIELD BY TWO- 
PHASE CURRENT.— The magnetic field set up by a 
two-phase current circulating in the coils of a suitably-wound 
stator will be understood on reference to Fig. 186. This 
represents a laminated 4-pole magnet; the windings of 
poles 1 and 3 being connected in phase A circuit, and 
those of poles 2 and 4 in phase B circuit. As explained in 
§ 47, and* illustrated in Fig. 94, the current in phase B 
lags 90* or a quarter-period behind the current in phase A. 
This is also shown in Fig. 187, which differs from Fig. 94 in 
that the two current waves are drawn on the same, instead 
of on separate base lines. The relation between the two 



Fig. 1S6. — Winding of a Two-Pole Two- 
Phase Motor Field. 
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currents is such that when one is at a maximum, the other 
is passing through zero. 

As the 4-pole magnet (Fig. 186) lias two poles — a north 
and a south — formed in each phase, it is termed a 2-pole 
two-phase magnet or stator. Now the magnetising forces due 
to the currents shown in Fig. 187 will tend to set up two 
fields in the rotor space. And these two fields will unite to 



form a resultant field, though at certain momentary periods 
in each cycle, the one or the other field will exist alone. As 
will presently be proved, the rising, falling, and reversing of 
the currents in the two phases will cause their resultant 
field to rotate uniformly around the face of the stator core. 

It should be understood that bhe poles of an induction 
motor do not really project from the rest of the stator core 
as seen in Fig. 186. They are shown so in the figure in order 
to simplify the latter, (See § 96.) 

In Fig. 186, alternate poles are joined-up to phases A and 
B respectively, and the two coils in each phase are wound 
alternately right-handedly and leffc-handedly.* In other 

* The terms “ right-hand winding" and ' ' left-hand winding" have to be 
used for waut of anything more explicit. Strictly speaking, in such a case 
any winding is alternately right-handed and left-handed, as the current in it 
is alternating. Similarly, in Fig 186 one ^ire in each phase is marked 
u return wire," but since the current is alternating, each of the two wira* 
in each phase becomes the return wire alternately. 
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words, they are so connected that when one is N. the other will 
be S. Thus poles 1 and 3 are connected in phase A circuit, 
and poles 2 and 4 in phase B circuit : poles 3 and 4 being 
wound or connected right-handedly, and poles 1 and 2 left' 
handedly. 

For each pole a polarity curve may be drawn, that is, a 
curve which represents the change in its polarity throughout 
one cycle of the current circulating in the winding. Such 
curves are shown in Fig. 188. The full line curve ABCBF 
represents the polarity wave for pole 1 in phase A circuit; 
and as — at any instant — the polarity of pole 3 will be equal 
and opposite to this, the wave for pole 3 is represented 
by the dotted curve AB'd/fi. The parts of the curves 
above the horizontal base line AB denote N. polarity, and the 
parts below this line S. polarity. Similarly, the polarity 
waves for poles 2 and 4 in phase B circuit are indicated by 
the curves FGHIJ and F’GH'IJ these being 90° (or a 
quarter period) behind the corresponding phase A curves. 
The curves are divided-up by ordinates a } b, c , d, etc., one- 
eight of a cycle or 45° apart. 

Now the instantaneous polarity of each pole at the first 
ordinate a may be stated as follows ; — 

Polarity of pole 1 = 0, 

„ „■ 2=1 m, and is S. 

3 = 0. 

„ „ 4 = l n, and is N. 

Here, since the magnetising force of phase A is at zero 
value, the field, being then due to phase B alone, clearly lies 
between poles 2 and 4, as shown in Fig. 189 at (I). 

At ordinate b in Fig. 188 

Polarity of pole 1 is N. 

„ „ 2 is S. 

» „ 3 is S. 

„ 4 is N. 
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and they are all of equal strength. Hence there are now 
two fields set up, as shown by the dotted arrows in Fig. 189 
([I). These combine to form a resultant field, the direction 
of which is indicated by the firm-line arrow passing mid- 
way between poles 4 and 1, and between poles 2 and 3, 



Thus in one-eighth of a cycle, the resultant field has moved 
through 45* or one-eighth of a revolution. 

At ordinate c (Fig. 188) : — 

Polarity of pole 1 is N. 

„ „ 2 is 0. 

„ „ 3 is S, 

„ 4 is 0. 

Hence the field, being due to phase A alone, now lies 
between poles 1 and 3, as shown in Fig. 189 (III); so 
that in this second one-eighth of a cycle, the resultant field 
has made a further one-eighth of a revolution. 
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At ordinate d (Fig. 188) : — 

Polarity of pole 1 is N. - 

„ „ 2 is N. 

it „ 3 is S. 

„ „ 4 is S. 

Thus the resultant field is now due to the two north poles 
1 and 2 and the two south poles 3 and 4; its direction 



Fig. 189. — Two-Phase Clock-Face Tolaiii) Diagrams. 


being indicated by the firm-line arrow in Fig. 189 (IY). 
In Fig. 186, the directions of the currents in the two phases 
and the resulting polarities correspond with this instant. 

I 11 the same manner, if the other ordinates in Fig. 188 be 
considered, it will be found that during each further one- 
eighth of a cycle the resultant field makes one-eighth part of 
a revolution. Hence it may be concluded that the rotation 
of the field is uniform, and in a clockwise direction. 

Had poles 1 and 4 been wound right-handedly (looking 
at their faces) instead of poles 3 and 4, the rotation would 
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still ha vo been uniform, but in the opposite or counter-clock- 
wise direction. This the reader may prove for himself by 
drawing curves and clockface diagrams after the manner of 
those in Figs. 188 and 189. 

It follows then that the direction of rotation of such a 



motor may be reversed by reversing the connections to one 
of the^phases. This fact is further alluded to in § 95. 

94 PRODUCTION OF A ROTATING FIELD BY THREE- 
PHASE CURRENT. — In a three-phase stator, the coils in 
the three windings carry currents differing in phase by 120* 
(Fig. 98). Some care is therefore needed to ensure that they 
are connected in the right sense, so that the direction of the 
three magnetising forces in the rotor space may be such as 
to produce the desired effect. 

Fig. 190 represents the stator of a 2-pole three-phase 
motor, with imaginary polar projections. Here poles 1 and 
4 are in phase A circuit, poles 3 and 6 in phase B circuit, 
and poles 5 and 2 in phase 0 circuit. And it will be noticed 
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Now the instantaneous polarity of each pole at the first 
ordinate a may be stated as follows : — 

of pole 1 = 0. 

„ 2=j>randisS. 

„ 3=/ n and is S. 

* 4=0. 

„ 5 = p q and is N. 

„ 6 = / m and is N. 

There are thus two fields set up in the stator, and these 
will complete their paths through the core of the rotor as 
shown by the dotted lines in Fig. 192 at (I). As p r, l n, 
p q> and l m are all equal, these two fields are also equal 
in strength, aud their resultant field may be represented by 
the arrow passing midway between them through the centre 
of the rotor. 

At ordinate b in Fig. 191 the state of things is as shown 
in Fig. 192 (II), poles 1 and 6 being N., and pole3 3 and 4 
S. The N. polarity of the resultant field is therefore 
situated between poles 1 and 6, and the direction of that 
field across the rotor space is as shown by the arrow. 
From this figure it is evident that the field (Fig. 190) has 
moved round one-sixth of a revolution in a clockwise 
direction, and that this distance has\been traversed in the 
one-sixth part of a cycle between the ordinates a and b in 
Fig. 191. 

At ordinate e, the polarity conditions are as shown in 
Fig. 192 (III). Here poles 1 and 2 are N., and poles 
4 and 5 S., the direction of the resultant field being indi- 
cated by the arrow. Thus the N. polarity of the field may 
now be said to be situated between poles 1 and 2 ; so that, 
as before, the field has moved through one-sixth of a 
revolution in one-sixth of a cycled 

Similarly, the positions of the field at ordinates d , e , / 
and a', are as shown in Figs. 192 (IV), (V), (VI), and (VII); 


Polarity 


n 
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dm 


(VII) being similar to (I), as the cycle has then been 
completed. 

These figures 
indicate that the 
field (Fig. 190) 
passes through 
one-sixth of a re- 
volution in each 
one -sixth of a 
cycle, and it may 
therefore be con- 
cluded that its ro- 
tation is uniform. 

Further, the rota- 
tion is in the clock- 
wise direction. 

A 'winding 
Buch as that in 
Fig. 193, where 
the connections 
for phase C are 
the reverse of 
those in Fig, 190, 
would not give a 
uniformly rotat- 
ing field, assum- 
ing that the 
difference in 
phase between 
the currents was 
120°. This the 
reader may prove 
for himself by an- 
alysing the wind- 
ing in a manner similar to that pursued in the case of Fig. 190. 



Fig. 192. — Three-Phase Clock-Face Polarity 
Diagrams. 
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Why is it that the first winding (Fig. 190) produces a 
uniform field rotation, whereas the second winding (Fig. 193) 
does not ? Referring to Fig. 190, it will be seen that 
poles 1, 3, and 5 in the three phases, A , B, and C respec- 
tively, are all wound in the same sense, viz. left-haudedly. 
Further, these poles are 120° apart, ie. t their axes intersect 
at angles equal to the phase-difference between the currents 



in their windings, as shown in Fig. 194, In Fig. 193, on 
the other hand, the left-handedly wound poles are Nos. 
1, 2, and 3, in phases A, C, and B respectively, and 
these are 60* instead of 120’ apart. Thus their “ pole- 
distance,” so to speak, is not equal to the phase-difference 
between the currents in the coils. And it is because of 
this inequality that the rotation of the field in this case 
would not be uniform. 

Thus it may be accepted as an axiom that the rotation 
of the field of a motor stator with one pair of poles per 
phase will only be uniform when the angular pole-spacing 
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(or distance between similarly-wound poles) is equal to the 
phase-difference of the currents. If there are two, three, 
or more pairs of poles per phase, the angular pole-spacing 
of similarly-wound poles must be one-half, one-third, etc., 
the phase-difference of the currents. By similarly-wound 
poles are meant those which are connected either right- 
handedly or left- 
liandedly. (See foot- 
note on p. 286.) 

It is necessary to 
mention once more 
that the poles of an 
induction motor do 
not really project 
from the rest of the 
stator core, as seen in 
Figs, 186, 190, etc. 

They are shown projected merely to simplify the figure. 
(See § 96.) 

95. REVERSAL OF POLYPHASE INDUCTION MOTORS. 

— To provide for the reversal of the direction of rotation of 
a two-phase induction motor, it is only necessary to insert 
a reversing switch in the circuit of one phase, so that the 
connections of the pole windings therein may be reversed. 
■ Thus, referring to Figs 186 and 188, with the windings as 
there shown, the polarities— at four equal intervals (ordinates 
c, e, g, and a, Fig. 188) during one cycle — before and after 
the reversal of the phase B winding, would be: — 


Phase ->• 

A. 

B. 

A. B. 

Ordinate *> 

. (0 

to 

to («•) 

Before / Poles 

1—3 

2—4 

3-1 4-2 

Reversal. (Polarity 

N. S. 

N. S, 

N. S. N. S. 

After /Poles 

1—3 

4-2 

3-1 2-4 

Reversal. \ Polarity 

. N. S. 

N. S. 

N. S. N. a 

Before reversal, the 

north polarity travels round io pole 
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1, 2, 3, and 4 in turn ; that is to say, the rotation of the field 
is clockwise. After reversal, which makes poles 2 and 4 
change places in Fig. 188, the north polarity travels round 
ria poles 1, 4, 3, and 2, i.e., in a counter-clockwise direction. 
And since the direction of the rotation of the rotor corres- 
ponds with that of the field, the reversal of the connections 
of the B circuit will thus effect the reversal of the motor. 
The reversal of the A instead of the B circuit would do the 
same thing. 

With a three-phase motor, two of the phase connections . 
must be interchanged, though which two they are does not 
matter. Thus if — in Figs. 190 and 191 — we change poles 
2 and 5 over from phase C to phase B, and poles 3 and 6 
from phase B to phase C, we shall get a reversal of rotation. 
Before changing the connections, the polarities would be as 
indicated below, where the results diagrammed in Fig. 192 
are arranged in tabular form. 


One Cycle. 

Fraction of Ciclh . let 2nd 3rd £. 4th }. 5th 6th 

Ordinate . , 0 . b. c. d. e. /. 

Before U, / 5 2 63 14 2536 41 

change I roles * 1 6 3 1~4 2“ 5 3~6 4~1 5~ 2 

of con- 1 Polarity . N. S. N. S. N. S. N. S. N. S. N.S. 

sections. J 

The alteration of connections mentioned above would 
interchange poles 3 and 5 and poles 6 and 2 in Figs. 191 
and 192, with the following result : — 


Fraction of Cycli . 

1st*. 

Ordinate . 

a. 

After in- 'j 
terchange 
of B and C . 

I Poles . 

f 3 6 
12 5 

[ Polarity 

N. S. 

connections. J 

1 



2nd 3rd 4th J. 5th 6th j. 

b. c . d. e. f. 

25 146352 41 

1 — 4 6~3 5 2 4 1 3 6 

N. S. N. S. N. S. N. S. N. S. 


On referring to Fig. 190, where the pole numbers remain 
unchanged though the connections are altered, it will ba 
evident that, in the first case, the resultant field of the north 
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and south polarities travels round in a clockwise direction. 
But after the .change of connections, the field rotation will 
be counter-clockwise. 

A diagram of a switch and its connections for effecting 
the reversal of a three-phase motor is given in Fig. 194a. 
It consists of two copper blades kk, pivoted at a and b, and 
connected rigidly together, but insulated from each other, 
by the handle h. The fixed contact-jaws c and / are 
permanently interconnected by a wire Z, and the jaws d and 
e by a wire m. Two of the supply leads (if and 0) are 



connected to c and d, and two of the motor leads (B' and 
O') to a and b. The other supply lead (or leads) are taken 
directly to the motor. 

When the switch is placed to the left (as shown by the 
full lines in Fig. 194a), B is connected to B ' through cka, 
and 0 to O' through dkb. When the switch is put over to 
the right (shown dotted), B is connected to C through clfkb, 
and 0 to B through dmeka. The motor leads B’ and 0' 
will then have been interchanged, and the rotation will 
consequently be reversed. 

96. STATOR CORES AND WINDINGS OF POLYPHASE 
INDUCTION MOTORS— As stated in § 90, the stators of 
motors are similar in construction to those of the corres- 
ponding type of alternator. Thus, they all have slotted 
cores without the projecting poles shown in Figs. 186 and 
1 90 ; the latter arrangement being adopted to simplify those 


II— (T.510U 
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diagrams. The field-face of a motor stator consequently 
resembles that of the alternator in Fig. 125, except that it 
is generally much smaller. 

Further, the illustrations of alternator windings iu Figs. 
121 and 124 apply equally well to two- and three-phase 
motor stators. - 

In an alternator, the function of the stator windings is 
to have e.m.fs. induced in them by the mechanically-rotated 
field-system. In a motor, current from an external source 
is sent through the windings, with the result that regions 
of N. and S. polarity sweep round the face of the stator 
core, as was proved in the three previous sections. 

We have now to see how this rotating field imparts 
motion to the rotor. 

97. ACTION OF POLYPHASE INDUCTION MOTORS.— 

Since the rotating field set up by the stator cuts the rotor, 
electromotive-forces — and hence currents — are generated in 
the rotor windings, in exactly the same way and with the 
same effect as if these windings formed the armature of a 
dynamo: the e.m.f, being reversed in each individual coil or 
conductor as many times as tlie field adjacent to it changes 
polarity. In fact, the behaviour of a polyphase-motor rotor 
may easily be studied by reference to a 2-pole field-magnet ex- 
cited by continuous current (or pertnanently magnetised); 
this magnet being supposed to rotate outside an armature or 
rotor consisting of a number of bars of copper embedded in 
a cylindrical core of laminated iron, and interconnected at 
each end. Let us now investigate the action of the rotor 
upon these lines. 

The polyphase current delivered to a stator winding 
sets up a rotating field of constant strength. In Fig. 
195 this field is represented by the poles N t S, which are 
supposed to revolve about the rotor in the direction in- 
dicated by the arrows. The rotor li consists of a laminated 
core mounted on a shaft S , and a number of copper rods 
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or bars, 1, 2, 3, etc., laid in slots or “ tunnels” around its 
periphery ; these bars being all connected together at each 
end by heavy copper or brass rings. 

This construction is known as the squirrel cage, and is 
better illustrated in Figs. 213 to 215. In a rotor of this 
description it is not always necessary to insulate the copper 
rods, as their conductance is so much higher than that of 



Fig. ]95. — The Interaction between & Routing Field and a Rotor, 
assuming that the Rotor Bars have no Inductance. 


the surrounding iron that there is little tendency for the 
induced currents to leave them. The rotor bars in Figs. 
214 and 215 are not insulated. 

Returning once more to Fig. 195, as the field 2V2? 
revolves, e.m.fs. will be induced in the bars, and currents 
will flow therein under the influence of the e.m.fs. Assume 
for the 'present that ike bars have no inductance, i.e., that the 
currents will be in phase with the e.m.fs, producing them; 
then, at the instant represented in the figure, the bars 3, 4, 
5, 6, and 7 will have currents induced in one direction; 
while those diametrically opposite (Nos. 9, 10, 11, 12, and 1) 
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will have currents induced in them in the reverse direction. 
Tiie direction of the currents is indicated by the -f- and. — 
signs, which signify that they are flowing out and in 
respectively.* 

Fig. 196 is a top view of the ro^or in Fig. 195, si lowing 
tiie rotor bars and the copper end-ring R , M'. The num- 
bering of the bars corre- 
sponds with that in the 
former figure. 

Tiie arrows in Fig. 196 
indicate the directions of 
tiie e.iu.fs. at tiie particular 
moment considered in Fig. 
195; those in bars 11, 12, 
and 1 being from left to 
Fig. 196.— Top View of Eft. i ir. Fig. right, and those in 3, 4, 

195. showing somo r>f the Active , r . . « . , 

Bars and the End-Kings. and 5 being from right to 

left. Hence currents are 
produced which flow in a clockwise direction via bars 

11, 12, and 1, end-ring R\ bars 3, 4, 5, and end-ring R. 
The region between bars 1 and 3 consequently becomes 
of S. polarity. There is no current in bar 2, firstly, 
because no e.m.f. is being generated in it. And secondly, 
because though some of the current uue to the e.m.fs. in 11, 

12, and 1, tends to flow back from right to left in it, 
there is an equal tendency for part of the current due to the 
e.m.fs. in 3, 4, and 5 to flow through it from left to right ; 
these two tendencies being equal and opposite. 

The polarity of the rotor as a whole is shown in Fig. 195, 
it being south (S{) at the top, and north (JVj) at the bottom. 
Impulsion is then set up between 2VAT, and SS V and attrac- 
tion between & Vi and NS l ; and the rotor will rotate in the 

* For Left-Hand Rule for finding the direction of induced currents sea 
the Anthor’a Electric Lighting and 1‘ouer Eistribvticn , # Yol. I. 
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same direction as the inducing field NS, and will attempt 
to keep pace therewith, though it will never quite succeed in 
doing so. 

Now it must be remembered that in the case of a bi- 
polar polyphase motor, whose action we are attempting to 
illustrate, the field NS revolves at a high speed ; the number 
of the revolutions per minute being 60 times the frequency 
of the supply. 

On account of this high speed the currents set up in 
the rotor barB at starting will be relatively large, unless 
the latter with their end-connections have a high resistance, 
or unless the rotating field NS be very weak. 

98. ACTION OF POLYPHASE INDUCTION MOTORS 
{continued !). — In the previous section it was assumed that 
the rotor bars had no inductance. In reality, however, they 
have a very appreciable amount, chiefly because of their 
embedment in the slqts or tunnels of the iron core. And as 
the reactance due to this inductauce (§ 28 a) adversely 
affects the starting of an induction motor, it is necessary to 
see why this is and how matters can be remedied. 

In § 29 it was explained that, in an inductive circuit, 
the current lags behind the applied voltage by an angle <p. 

‘lirfL 

Now the tangent* of this angle is given by jt ~ > -fiaud 

L being the resistance and inductance respectively. Any- 
thing which increases the tangent will also increase the 
angle, hence the greater the frequency and the inductance, 
and the smaller the resistance, the greater will be the angle 
of lag between the current and the voltage. 


* The tangent of an angle a (Fig. 19) is given by the ratio of the per- 

DE 

pendieular DE to the adjacent side BE, that is, by ^ j > Hence in 
Fig. 73 

9 OA OA R 

Tangent values can bo obtained directly from the Tab 1 * on p. 271. 
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Now, at starting, the frequency of the e.m.fs. induced in 
the rotor bars in Pig. 195 will be a maximum, and will be 
that of the rotating field; consequently the lag of the 
currents in the bars will also be a maximum. So that 
instead of the currents being as in Fig. 195, where no lag 
is considered, they would be somewhat as in Fig. 197. Thus, 
although the poles have got past bai's 2 and 3, and 8 and 9, 



Fig. 197. — Effect of Induotance of Rotor Bars upon Fig. 195. 


the currents will still be flowing therein ; and the reversal 
of current will only just be taking place in bars 4 and 10. 
In consequence of this, the field d^e to the rotor currents 
will now be in the direction i.e* t <f> degrees behind 
A$ in Fig. 195. 

The effect of the shifting back of the rotor field is to 
cause the latter to oppose more or less the main field NS, 
and therefore to weaken the actual flux cutting the rotor 
bars, and so decrease the magnetic drag on the rotor, The 
greater the angle <p , the greater will be this demagnetising 
action of the rotor currents ; and the smaller will be the 
magnetic drag or the torque on the rotor, since the drag or 
the torque depends upon the product of the current in the 
conductors and the flux cutting them. In fact, the torque 
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due to bars 3 and 9 would tend to turn the rotor in a clock- 
wise direction; and if the angle (p was 90*, ie., if the rotor 
winding was purely inductive, the torques in the two 
directions would be equal and opposite, and the rotor would 
not revolve at all. 

The foregoing explanation has been given at some length, 
since it is necessary for making clear the reasons for the dif- 
ferent types of rotor to he explained presently. 

The simplest type of rotor construction is the one already 
referred to (§97), namely, the squirrel~ca{je or short-circuited 
rotor. With this construction it is evident that the resist- 


9 fT 

ance R is exceeding low, consequently 13 high, and 


the angle of lag ($} large ; so that a motor with this kind 
of rotor has a very poor starting torque, and is only able to 
start under a light load. 

The obvious ways to' improve the starting torque 
are to decrease / and L and to increase R. This is 
one reason why low frequencies are desirable for power 
circuits (§ 7). As / cannot- be varied for motors running 
off any given supply, and as an appreciable decrease in L 
would adversely affect the performance of the motor; R 
remains the only quantity that can be varied to obtain a 
good starting torque. Various ways in which this is done 
will now be explained. 

99. ACTION AND CONTROL OF POLYPHASE IN- 
DUCTION MOTORS.— One method of obtaining a fairly 
good starting torque, while still retaining the squirrel-cage 
construction, is to make the rotor bars of greater length, 
and of some material (such as brass) having a higher resist- 
ance than copper; the end-connections (or parts inter- 
connecting the ends of the bars) being also given plenty of 
resistance. But since this resistance is always in circuit, 
the efficiency of the motor is lowered ; consequently the 
above method is only adopted in special cases. 
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The most usual method of obtaining a good starting 
torque is to employ a wound rotor , a rotor wound for 
three-phase in accordance with Fig. 124 ; and to connect 
the three leads from the winding to slip-rings on the shaft. 
Brushes bearing on these slip-rings are connected to a non- 
inductive 3-arm rheostat, as ^hown in Fig. 198. This 
starting rheostat consists of three groups of resistances, one 
for each phase ; and three contact aims, a , a , a; the latter 

being connected 
rigidly together, 
both mechanically 
and electrically, 
so as to form a 
star point. 

To start the 
motor, the arms 
of the rheostat 
switch are put in 
the “off” posi- 
tion, as depicted 
in Fig. 198, and 
current is applied to the stator by means of, say, an. 
ordinary triple-pole switch. The rheostat handle is then 
turned in the direction of the curbed arrow (Fig. 198). 
When its arms reach the studs S t S, S t the rotor starts, all 
the resistance being then in circuit. As the arms are 
moved further round, the resistance is gradually cut out, 
until the last stops Z, Z, Z, are reached. At this point 
the brushes and slip-rings are virtually short-circuited, and 
the motor runs at full speed. 

In the case of the smaller machines, it is usual to leave 
the brushes down all the time the motor is running. In 
larger motors, however, arrangements are often made for 
abort-circuiting the rotor rings and raising the brushes 
when the aiofcor has been run up to speed ; the starting 
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resistance being then entirely disconnected from the rotor 



Fig. 199.— Starter for Slip- Ring Induction Motor. (Ellison.) 

winding. This is the case with the motors illustrated in 
Figs. 216 and 221. 

Fig. 199 gives a front view of a motor starter , the parts 
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r.f which are mounted on an enamelted-slate base B. The 
switch-arms A\ A , A . , are seen in the full-on position, 
where they are held by the catch-piece ‘C, which engages 
with a stud on arm A*. The arms are operated by a handle 
which is not shown in this illustration, as it is mounted on 
a cover which fits over the apparatus. This handle (for 



operating with both 
hands) can be seen 
in the external 
view in Fig. 199a ; 
the purpose of the 
small lever in the 
top right - hand 
corner being to 
open the circuit by 
releasing thefe&tch- 
piece — as explained 
presently. 

Returning to 
Fig. 199, the helical 
steel spring S 
always tends to 
pull the switch- 


rig. 199a.— External View of Starter for s'Hp- arms round to the 
Ring Induction Motor. (Ellison.) “off” position when 


0 releases them ; 

and the shock of the oft movement is taken by the rubber 
buffers BB. 


The resistance wires* are mounted on porcelain in- 
sulators inside a sheet-iron box behind the slate base B\ 
k, k, k being the contacts to which they are connected. 

The starter is fitted with no-voltage and overload 


* Thes* are made partly of “Hecknum” and partly of “Alpacea,” 
which are special grades of german -silver wire, claimed to have resistivities 
of 18*9 and 11 microhms per inch cube respectively. (See the Author’* 
Electric Circuit Theory and Calculations . ) 
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releases. The former is for opening the rotor circuit should 
the supply fail ; and the latter for doing the same thing should 
too much load be put upon the motor, and the current 
therein consequently become excessive. The overload 
release is thus otherwise termed the excess-current release. 

The no-voltage release consists of a fine-wire solenoid 
NV, which is connected through the terminals NVT across 
two of the stator phases (see NVT in Fig. 200), and which 
holds up its plunger core P as long as the supply iB 
maintained. This core is just above the catch-piece C } 
which, with the help of the little spring s, holds the 
rheostat or switch arms in their full-on position, Should 
the supply fail, the plunger P drops onto the catch-piece 
Cand forces it down, so allowing the rheostat arms to he 
pulled to their off position by the spring S. 

The overload release consists of a thick-wire solenoid 
OL with comparatively few turns, this being connected in 
one of the rol or phases through the top main terminal T' 
(see OL in Fig. 200). The efl’ect of the normal maximum 
current in this solenoid is insufficient to suck up its plunger 
core F, which slides in a brass tube t, a stud s' on its 
lower end normally resting on the adjustable tapped rings 
E. Although not shown so in the figure, t is screwed to 
receive E, which may thus be raised or lowered to suit 
different degrees of overload. 

If the current in OL becomes excessive, the plunger 
F is sucked up, and its 6tud $ knocks up an ex- 
tension t of the catch-lcver, the other end C of which is 
thereupon forced down, so that the rheostat arms are 
released as already explained. The release can also be 
effected by hand, when it is desired to stop the motor, by 
raising the little lever on the outside of the cover (Fig. 199a), 
this engaging with the pin p on e. 

The three main sweating-lug terminals are seen at 
VJ\ T. These terminals, as well as NVT , are also marked in 
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Fig. 200 ; so that the connections of the starter to its motor 
can be fully understood. 

As regards the connections on the starter itself, it 
should be noted that the overload coil OL is not put into 
circuit until the arm A' reaches its last or full-on stop. 
Thus, when this arm is passing over the contacts of the 
resistances HR, the circuit to terminal T is made through 
the connecting wire W. But when A' reaches the full-on 
position shown in the figure, the connection to T is via W* 



Fif? 200.— Diagram nf Connections of n Slip- Ring Motor with its Main 
Switch HH-1 Suiter. 


and OL W and W are also shown in Fig. 200. The 
reason for keeping the overload coil OL out of circuit until 
the starting rheostat is full on, is that the heavy rush of 
current in the rotor on starting would suck the plunger F 
right up, and the latter would tend to keep up, and so 
prevent the locking-on of A! by C. 

The projecting portions on the top and sides of the 
complete apparatus (Fig. 199a) are cable-entry boxes. 

A complete diagram of the connections for a motor 
fitted with the above-described type of starter is given in 
Fig. 200. Here S and L are respectively the stator and 
rotor windings, SRB the slip-rings and brushes, MS the 
main triple-pole switch in the stator circuit, and ST the 
starting rheostat with the no-volt coil NV and the overload 
coil OL. 
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The windings of the stator and rotor in Fig. 200 are 
both shown star-connected ; but either or both may be 
mesh -connected. The chief disadvantage of the mesh 
arrangement is that a greater number of turns is required, 
and the cost of winding is consequently higher. 

Even when the stator is wound two-phase, it is customary 
to wind the rotor for three-phase. The chief reason for 
this is that one design of rotor and starting gear does for 
the two types of motor. Fig. 218, for. example, shows a 
two-phase motor with a three-phase rotor. 

Machines titted with wound rotors (page 304) are gemr- 
ally referred to as slip-ring motors; and actual examples are 
illustrated in § 106. 

100. SLIP AND SPEED. — -A little consideration should 
make it clear that as the rotor of an induction motor 
increases in speed, the rate at which the rotating field of 
the stator cuts the rotor conductors must decrease. Thus 
the greater the speed of the rotor, the less the induced 
e.m.fs. therein, and the lower their frequency. If the rotor 
could attain the same speed as the stator field, the rotor 
bars would not be cutting any lines of force, and there 
would be no e.m.fs. or currents induced in them ; conse- 
quently, the torque on the rotor would be zero. Actually, 
this condition of things is impossible, since a torque, how- 
ever small, is always necessary to keep the rotor revolving. 
In other words, there is always a difference in speeds 
between the rotating field and the rotor, and this differ- 
ence becomes greater the greater the torque required. 

The difference between the rotor and field speeds, when 
expressed as a percentage of the synchronous speed ( ie t he 
speed of the rotating field), is known as the percentage slip 
of the motor. Thus : — 


Percentage _ synchronous s peed — speed of rotor 
Slip synchronous speed 


Xl00 ( 49 ) 
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As mentioned in § 91, the synchronous speed is given 

by the formula 72=^-^, where f is the frequency of the 
P 

supply, and p the number of pairs of poles on the stator. 

Example. — An 8-pole motor is supplied at a frequency 
of 50, and the speed of the rotor under a certain load is 
observed to be 712 r.p.m. Determine the slip of the motor. 

60x50 

Synchronous speed = — ^ — =750 r.p.m. 

Slip = i£2zlL 2 x 100 = 5 07 per cenu 
7o0 


As the load on a motor increases, the torque which the 
rotor is required to exert also increases; and in order to 
provide this increasing ’torque, the slip must be larger to 
generate sufficient current in the rotor. Hence, the greater 
the load, the greater is the slip; and the value of the slip 
at full load varies from about 2 per cent for large motors 
to about 8 per cent, for small ones. 

101. METHODS OF STARTING SQUIRREL-CAGE INDUC- 
TION MOTORS.— It was explained on p. 301 that at starting, 
very large currents are induced in a low- resistance squirrel- 
cage rotor if its stator be switched direct onto the supply. 
The effect of this is to cause the stator to take a very large 
current from the mains, In fact, if a medium-sized squirrel- 
cage motor were switched directly onto the line (by means 
of a triple-pole switch), the starting current would be 
several times the full-load current ; and this current would 
lag very much behind the voltage because of the inductance 
of the motor. Thus the starting of such a machine would 
have a very disturbing effect upon the voltage of adjacent 
portions of the supply system. 

To prevent this disturbance, only very small motors are 
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Fig, 200a. — Starting of a small Three-Phase 
Squirrel-Cage Motor by means of a 
Triple-l’olo Switch. 


allowed to be switched directly onto the mains, and some 
other means of starting must be adopted with medium -size 
and large macltines. 

Fig. 200a shows how a small three-phase squirrel-cage 
motor, ilf, can be started with a triple-pole switch, T t in the 
stator circuit. If the 
motor stator be star- 
wound, and if it be 
provided with six ter- 
minals, three for the 
supply and three for 
the star, a coupled 
“Twinob" tumbler 
switch can be con- 
nected, as in Fig. 200b, 
to take the place of the 

more expensive triple-pole switch. This switch can deal 
with currents up to 10 amperes at voltages not exceeding 
250, and externally resembles big, 200c. Its porcelain base 
is only 3J inches in diameter, 
and it can easily be mounted 
on the motor itself. One ad- 
vantage of having the starting- 
switch at the star end of the 
windings (Fig. 200b), instead 
of at the supply end (Fig. 
200a), is that there is no chance 
of short-circuiting. An interior 
view of the switch, with its 

Fig. 200 b.— S tarting of a very k no h s uncoupled as for ordinary 
small Three-Phase Squirrel- . . ... ¥ 

Cage Motor by means of a Use, IS given ID big. 20QD. 

coupled H Twinob " Tumbler One method of limiting the 
Switch. ( Lvndberg .) . ® 

starting current of squirrel- 
cage motors would be to connect a variable choking coil 
(§ 71) in each phase-circuit of the stator. Another and 
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less economical method would be to insert a rheostat in 
each phase of the stator circuit. But the two most usual 
methods of starting are by means of — ( a ) a change-over 
star-mesh connection for the stator, or (b) an auto-starter. 
The former method is much the simpler. 

The star-mesh method of starting is obviously only 
applicable to three-phase motors, whereas the auto-starter 



Fig. 200c. — Coupled Fig 200d.— Interior View 

“Twinob*' Switch. of “Twinob” Switch 

(Luruiberg.) with Knobs uncoupled 

for ordinary use. 

( Lundberg .) 

method may be used with either three- or two-phase 
machines. A series-parallel method of starting a two-phase 
motor is described in § 103. 

102. STAR-DELTA STARTING OF THREE-PHASE 
INDUCTION MOTORS.— For the star-mesh or star-delta 
method of starting, the two ends of each phase are brought 
out from the stator winding and connected to the starting 
switch. The latter has three “positions” off, starting, 
and running. In the starting position, it connects the 
etator phases in star, so that the voltage per phase is only 

i 58) of the line voltage (Formula 34). When the switch 

is put over to its running position, the stator is mesh-con- 
nected; each phase then getting the full line voltage. 

The action of a star-delta switch is thus to start the 
motor with less than two-thirds of the supply voltage on 
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each phase, and then to apply the full voltage when it has 
got up speed. 

Two views of one form of star-delta switch are given in 
tigs. 201 and 202. Fig. 201 shows the lid of the upper 
portion opened, and the terminals and fuses exposed to 
view. The switch 
itself is beneath, and 
is enclosed in an oil- 
tank tltere.* 

Fig. 202 is a view 
of the bottom of 
Fig. 201, the oil-tank 
being removed so as 
to expose the switch. 

The fixed spring-clip 
contacts of the switch 
are provided with 
sparking fingers , at 
which the actual 
break takes place ; 
the main contacts 
being thus saved from sparhvear. 

The electrical connections for the switch are given in 

* Oil-immersed Switches. The motor-starting switch in Figs. 201 and 
202 belongs to the class of oil-immersed or oil-break switches ; which, by the 
way, are chiefly used in alternating-current work. 

The immersion of the switch contacts in oil has the following advantages : 
{<») It allows of closer grouping of the switch contacts, and consequently 
more compact construction, as the oil quenches the sparking at the coutacts, 
and prevents arcing over from oue to another. (5) Because of the action 
just mentioned, with a given switch, oil immersion permits of the breaking 
of circuits at much higher voltages than would be possible in air. (c) The 
oil switch (as it is sometimes briefly termed) always breaks the circuit when 
the alternating current ia passing through its zero value ; consequently 
there is practically no sparking at the sw-itch contacts. 

Oil •immersed switches are not so satisfactory on continuous -current 
circuits, because they have to break an uu varying current. The sparking 
which occurs carbouises the oil and lowers its insulating value. 



Fig. 201. — Star-Delta Switch, with Lid 
opened, showing Fuses. (British 
Thomson- Mo nston Co . } 



3 i .4 Alternating-Current Work [chap. vt. 

Fig. 203. ILL are the three-phase supply mains. These 
are connected to the switch-blade holders, MMM y mounted 
on (but insulated from) the shaft SS t which is shown by 
dotted lines. DDDD are the eopper switch-blades. 

AA\ BB\ and CC' represent the three-phase windings on 
the stator of the motor. The ends A, B , and C are joined- 
up to the fixed spring-clip contacts NNN and ERR. 

The other ends, 
A\ B\ -and C, 

( are connected 
to Af h P % P, and 
(through fuses 
FFF) to other 
spring-clip con- 
tacts QQQ. 

Fig. 202 shows 
the switch in its 
off position. In 
order to start 
the motor, the handle H (Fig. 203) is turned so that 
the blades DDDD are in the position there shown. 
Each line conductor L is then connected to the start of 
the corresponding phase through if, D, and N) whilst the 
ends A\ B\ O' of the phases are interconnected at M v D,P,P; 
that is, the windings of the motor are then connected in 
star. 

After the motor has run up to speed, the handle H is 
turned through half a revolution in the other direction, 
thereby bringing the blades DDDD to the positions (MRQ) 
shown dotted in Fig. 203. The end A* of the first phase 
will then be connected through 1, fuse F } and contacts QR 
to the beginning i?of the second phase; I? will be similarly 
connected through 2 to G, and G[ through 3 to A. The 
stator windings will then be connected in mesh, and each 
phase will have the full line-voltage across it. 


Kig. 202. — Star-Delta Switch, with Oil-Tank 
ioraoved, showing the Switch itself. 
(British Thomson- Houston Co.) 


STARTING rn RUNNING 
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An interlock is provided on the switch to prevent it 
being thrown into the “running” position before it has 

L L L 



Fig. 203. — Diagram of Connections for the Star-Delta Switch in 
Figs. 201 and 202. 


been put in the H starting ” position j and there are certain 
other details which cannot be described here. 

It should be noticed that the fuses FFF are only in 
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circuit in the "running” position of the switch. A good 
deal of unnecessary trouble is thus avoided, since if they 
were put in the starting circuit, frequent renewals would be 
necessary, as the starting current would often exceed the 
maximum current allowable in the “running” circuit. 


A disadvantage of the star-delta method of starting is 
that it is not suitable for a motor which is required to 
exert an appreciable starting torque. The starting torque oj 
tin induction motor varies as the square of the voltage per 
phase. This statement may be made clear with the help of 
Fig. 195. The torque is proportional to the product of the 
flux and the rotor current. Now if the voltage applied to 
produce the excitation of the poles NS be. say, halved, 
then (if saturation be neglected) the flux due to NS will 
be halved, and the e.m.f$. (and their currents) induced in 
the rotor bars will also be halved; consequently the torque 
will only be one-fourth its original value. In the star-mesh 
method of starting, the voltage per phase at starting is 

~ (or ‘58) of the line voltage (p. 312); hence the starting 
v 3 

torque is only a third (*58 x '58 = ’34) of the value obtain- 
able by switching the motor directly onto * the mains. 
This shows that the star-delta method is not suitable when 
an appreciable starting torque is necessary. 

103. SERIES-PARALLEL STARTING OF TWO-PHASE 
INDUCTION MOTORS.— -A two-phase squirrel -cage motor 
which is too large to be switched directly onto the mains 
could be started with a variable choking coil in each phase ; 
or by means of two variable non-inductive resistances (rheo- 
stats), one in each phase. Neither of these ways, however, 
are adopted in practice. 

A method sometimes employed, which necessitates 
dividing each of the two phase- windings into two parts, 
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is to start with these parts iu series, and to rwre with them 
111 parallel, as diagrammed in Fig. 204. The windings are 
such that when in parallel they are suitable for the full 
line voltage ; so that when they are connected in series, the 
starting current cannot be very large. 

A starting switch for changing the connections as shown 
in Fig. 204 could be constructed on very much the same 
lines as that in Figs. 201 and 202. 

For very small low-voltage motors the control switches 

— jto 1 

Phase A 

RUNNING 

— f mip| 

Phase Q 

Fig. 204. — Series-Parallel Starting of Two-Phase Squirrel -Cage Motor. 

can be of very simple form as follows : — In Fig. 205, *SV» 
are two series-parallel tumbler switches, whose knobs are 
coupled together by a handle-bar, as seen in Fig. 206, so 
that the switches are operated simultaneously. 

Each switch has four terminals, and the connections of 
the supply lines and motor windings thereto are as shown. 
In the starting or series position of the coupled switch 
the pairs of terminals s, s, are interconnected, with the 
result that the halves of each phase-winding are put in 
series. In the running or parallel position of the switch 
the pairs of terminals p, p, are interconnected, and the 
sections of winding are then in parallel. The coupled 
switch can be provided either with or without an off" 
position. In the former case there would be no inter- 
connections at all between the switch terminals when the 
switch was off; and in some uses, an extra switch for 
cutting-off the current could then be dispensed with/ 

The usual method of starting a two-phase squirrel-cage 


Phase A 


— •^nnnr^ •'TnnnT' 

starting 


Phase B j 



31 8 Alternating-Current Work [chap, tl 

induction motor is by means of an auto-starter , as described 
in the latter part of the next section. 



Fig. 205. — Diagram of Coupled 
Switch lor Series- Parallel Start- 
ing ol n very small Two-Phase 
Induction Motor. ( Lundberg .) 



Fig. 206 . — Coupled Tumbler 
Switches. 


104. AUTO-STARTER STARTING OF THREE-PHASE 
AND TWO-PHASE INDUCTION MOTORS —An auto-starter 
consists of a species of change-over switch working in 
conjunction with two autO:tranaforrners (§87). 

Starting through auto-transformers possesses the follow- 
ing advantages : — 

(a) By suitably winding the auto-transformers, the 
starting voltages for any given size of motor can be adjusted 
to various conditions. 

(&) When starting, only a small current i3 drawn from 
the line, this being transformed into a larger current at a 
lower pressure through the stator windings. 

The principle of the auto-transformer method is shown 
in Figs. 207 and 208, where A> B, and G are the supply 
leads, and A\ B\ and O', the terminals of the motor stator M, 
T l and T 2 are the two auto-transformers, which at starting 
are connected between the supply leads as seen in Fig. 207. 
In order that the amount of reduction of voltage may he 
changeable, the “ auto.” windings are arranged with a number 




Auto-Starter 


§ 104.] 


,y 9 


of loops or tappings ; so that their points of connection c, c, to 
the motor may, when being installed, be suited to the starting 
torque required. If the connections are made midway as 
in the figure, the starting voltages at the terminals of the 
motor will obviously be half those on the mains; and in 
this case, the stator current, as already explained on p, 256, 
will be practically twice that taken from the mains. 

After the motor has run up to its full speed, the 


STARTING 


RUNNING 



Fig. 207 and 208.— Simple Diagram of the Starting and Running 
Connections of an Auto-Sumer fur a Three- Phase Induction Motor. 


connections are altered (by means of the switch) to those 
in Tig. 208 ; that is, the auto-transformers are cut out, and 
the stator windings are put directly across the mains. 

An actual auto-starter, with its cover removed, is illus- 
trated in Fig. 209. A diagrammatic view of the same is 
given in Fig. 210, where A, A\ B, B\ C, and O', repiesent 
the contact jaws seen on the right-hand side in Fig. 209 ; 
and 1, 2, 3, etc., are the jaws on the left-hand side of the 
same figure. L, M, and N are U-shapcd contact blades 
clamped to (but insulated from) a steel shaft S S, which is 
turned by the handle H. ^consists of four interconnected 
blades. T x and T 2 are the two auto-transformers, which 
are connected to the contact jaws as shown ; the jaws A 
and 1 , B and 3, C and 5, O' and 6, being permanently 
interconnected. The leads from the supply mains are 
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Fig. 209.— An Auto Starter. {Britith 
JVtstinghouse Co.) 


taken to A , i$, and G\ 
and those to the motor 
go from A', S', ami C, 
When starting the 
motor, the handle E is 
turned so that the blades 
L, M, and N are in the 
position seen in the 
diagram. The supply 
circuit between A and 
0 will then be: — A, 1, 2, 
T lt V, 5, 0; and that 
between B and G: — B y 
3, 4 r 2 , 8, 5, a The 
motor circuits will be 
A' c , T v 7, 6, (7 and 
c, T» 8, 6, U. If 
these apparently com- 
plicated connections be 
traced out, they will 



Fig. 210. — Diagram nf Connections of Anto-Starter in Fig. 20fl. 
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be found to correspond exactly with those in Tig. 
207. s 

When the motor has started up, the handle H is rotated 
through 180*, so that the blades L , M y and N are thrown 


(I) Phase A. Phase B. 




Fig. 211.— Simple Diagram of Auto-Starter Connections for a 
Two-Phase Motor. 


over to the dotted position in Fig. 210. The effect of this 
is to connect together AA\ BB\ and C(f respectively, and 
thereby place the motor windings straight across the mains; 
the transformers T x and being entirely cut out. The 
connections will then correspond with Fig. 208. 

If it be desired to vary the starting torque of the motor, 
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this can be accomplished by altering the position of the 
connections c, c, on ami ; spare tappings being gener- 
ally provided for this purpose. 


Fig. 211 shows how the same principle can be applied to 
the starting of a two-phase motor. Here A A' and BB' are the 



two auto - trans- 
formers, and SS 
the motor stator 
windings. 

When in the 
starting position, 
the connections 
are as shown in 
the top half (I) 
of the figure. 
The voltage on 
each of the stator 
phases SS is then 
obviously only 
half that on the 
line, whilst the 
current passing 
through the stator 
windings will he 
nearly double that 


drawn from the 

line, as explained on p. 250. When the switch is put 
over to its running position (11), SS are connected 
straight across the supply mains, and the auto- transformers 
are disconnected. 


A starting switch for effecting the above connection 
changes could be constructed on the lines of that in Fig 
209, * 
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105. SQUIRREL-CAGE 

complete squirrel - cage 
motor, and Fig. 213 is 
the rotor of the same. 
In Fig* 212, the stator 
terminals are at the ends 
of the loose leads ; and 
the pulley is partly seen 
on the right. 

The rotor is shown 
without its pulley in 


MOTORS. — Fig. 212 shows 



213. — Rotor of Motor in Fig. 212. 
(<Y/ef/v- Wclcrfi Ltd.) 


Fig. 213; 
and the 
conductors 
thereon con- 
sist of thick 
insu 1 a ted 
copper rods 
(one per 
slot) riveted 
' into the end 
rings. 

The rotor 
and base of 
vertical 
motor of 
similar type 
is seen in 
j Fig. 214. In 
this case, 
the conduc- 
tors, which 
are rectan- 
gular in shape, are uninsulated, ami are fixed to the end 
rings by riveted bolts. In both cases the riveting ensures 



Fig. -11. Rotor arid liioo of 
Motor. ( Metro - 1 


a Vertical SquiiTcl-Cuge 
’ickers Ltd.) 
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secure jointing. The soldo red joints employed by some makers 
have been known to melt, and the solder to fly off, under 
the heavy currents circulating in the rotor (p. 301). It should 
he noted (in Figs. 213 to 215) that the rotor bars are 
mainly kept in position by the projections of the teeth over- 
hanging the slots in which they are embedded ; so that little 

or no me- 
dian ic a 1 
strain is put 
upon the 
riveting. 

In Fig. 



-Rotor of a Sqsiirrel-Cage Motor. 
(Bruce Peebles «fr Co.) 


215 is 
shown an 
extremely 
robust con- 
struction 
for a squir- 
r e 1 -c a g e 

rotor. The conductors consist of a number of bare copper 
bars forced into the slots. These bars are afterwards 
connected together at each extremity of the rotor by 
rings of special alloy which are cast solid onto the ends 
of the bars. A splendid permanent and yet inexpen- 
sive connection is thus secured. 

106. SLIP-RING MOTORS AND THEIR WINDINGS.— 


Fig. 216 shows a complete slip-ring induction motor, and 
Fig. 217 gives separate views of its stator and rotor, with cer- 
tain portions missing. The latter figure shows the stator and 
rotor windings very clearly, both of these being arranged a9 
in Fig. 124, except that the motor in question has been 
wound for eight poles. 

The si ip-rings are seen on the left in Fig. 216, and the 
handle projecting on the extreme left is for operating a 
device for short-circuiting the rings and lifting the brushes 
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clear of them. The figure shows the brushes raised as 
when the motor is running, the slip- rings being then short- 



circuited. To put the gear in readiness for starting, the 
handle is given a quarter-turn and then pulled out slightly. 


Fig. 21C. Slip-RiDg Motor. [Electric Construction Co.) 
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The first operation puts the brushes onto the rings, and the 
second unshort-circuits the latter. A further description of 
this particular gear cannot be given, but another kind is 
more fully described on p. 331. 

Machines are often supplied without the slip-ring short- 



Fig. 217.— Stator and Rotor of Motor in Fig. 216. (Electric Construction Co.) 

circuiting gear above mentioned. In such cases, however, 
the brushes are always rubbing on the slip-rings, and the 
rotor currents have to flow through the brushes. There is 
thus an appreciable loss of power due to brush friction and 
resistance, and a corresponding decrease in the efficiency of 
the machine. 

The stator terminals cannot be seen in Fig. 216, as they 
are on the far side of the motor ; but their position may be 
gathered from Fig. 217, where the ends of the windings are 
shown in readiness for the connection of the terminals. 

The half of the shaft on tbe slip-ring side is hollow, as 
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seen in Fig. 217 ; ami the connections from the rotor wind- 
ings to the slip-rings are threaded through. As the slip- 
rings are 011 the outer side of the bearing, they cannot be fitted 
until after the machine has been assembled.” When 
this is done, 
the three loose 
connections 
(Fig. 217) are 
joined-up to 
their respec- 
tive rings. 

Fig. 218 
shows a 
Westinghouse 
s 1 i p - r i n g 
induction 
motor, the 
rotor of the 
same being 
illustrated in 
Fig. 219. The 
connections 
between the 

... , Fjg. 218. — Slip-Ring Motor. [Meiro- Vickers Ltd.) 

slip-rings and 

the rotor winding are made through the shaft ns in Fig. 
217. The ends of the stator windings (as may he seen) 
terminate in connectors for the attachment of the supply 
leads. The reason for there being four connections is 
that the machine is intended for working off a two-phase 
circuit (Fig. 95). 

It should be noted that both the stator and the rotor 
windings differ in appearance from those in Fig. 217 ; in 


fact, they look much more like the windings of a continuous- 
current armature. The advantage of this type of winding 
is that all the coils can be separately wound on “ formers " 
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to the proper shape. They are afterwards mounted on the 
cores by putting the wires, one or two at a time, through 
the slot openings ; the latter being generally very small on 
alternating-current machines. The forming and subsequent - 
assembling of the windings on the cores is consequently a 
comparatively easy and expeditions matter. The chief dis- 
advantage of this kind of winding is that the slot-openings 

power 

Fi * s,9 "(j ^ Fig. 217 have 

to be threaded 

through the core slots turn-by-turn by hand, and skilled 
workmanship is required ; but it is obvious that the 
windings are held more securely in position, and that the 
arrangement is free from the drawbacks mentioned above. 
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Pig. 220. — Diagram of Three-Phase Windings in Figs. 212 and 21$. 


Fig. 220 shows the manner in which the coils of 3-phase 
windings of the type shown in Figs. 212, 218 and 219 are 
interconnected; each coil being represented by one turn, 
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chough in reality, there are several. The position of the 
rotating magnetic field at a particular instant corresponds 
to the shaded areas. If the connections of each phase are 



traced round, and compared with those in Fig. 122, it will 
be seen that the two windings are identical in effect. 

This type of winding (Fig. 220) is known as lap 
winding, since it is really similar, so far as any one phase 

M — (T.5IOIJ 
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is concerned, to the lap winding of some continuous-current 
armatures.* 

Another make of slip-ring motor is shown in Tig. 221, 
this — like the machine in Fig. 216 — being fitted with slip- 



Fig. 222. — Short-Circuiting and Brush -Lifting Gear. ( Bruce Peebles ic Co.) 

ring short-circuiting and brush-lifting gear. In the present 
example, a cover fits over the gear. 

The gear is shown separately in Fig. 222, where it looks 
more complicated; the reason being that there are three 

* See the Author’s Electric Lighting and Power Distribution, Vol. I. 
deventh Edition. 
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brushes to each ring instead of one. This, however, makes 
no difference to the principle on which the mechanism 
works. 

The three leads from the rotor winding are brought out 
through the hollow shaft, and are connected at c, c to their 
respective slip-rings by means of rods passing through— 
but insulated from — the other two slip-rings. These rods 
are fitted at their other ends with switch-blades, 6, opposite 
each of which is a jaw, a , rigidly fixed to the short-circuiting 
ring, m, which slides on the shaft. 

At starting, the gear is in the position shown in Fig. 222. 
The brushes, n } (one set only is seen on this side of the 
figure) are then bearing on the slip-rings, and the contact 
jaws, a , are a good distance from the blades, 6. The motor 
is run up to speed by a starter (similar to that in yigs, 199 
and 199a) connected to the brushes n, through the three 
leads p. The lever handle /, which can be locked in either 
the starting or the running positions, is then moved over 
to the running position. This operation first of all rotates 
a small drum d, in which there is a skewed slot (seen in 
Fig. 221) ; and this slot moves a pin on one end of a lever 
k, pivoted to the right of p\ The other end of k slides the 
short-circuiting device m along the shaft, until the jaws a 
are well over the blades k The three slip-rings Are thereby 
electrically connected together. 

A slight further movement of the lever handle /, to its 
full running position, causes a pin y, projecting horizontally 
from the drum d , to move further round and press against 
the vertical piece /, which is capable of rotating on the 
top brush spindle s. When down, the brushes are pressed 
against the slip-rings by means of springs, but the above- 
mentioned slight rotation of / acting through two rods e 
(one only is seen in figure), and three rods h , parallel to 
the motor shaft (only two seen), is sufficient to raise the 
three sets of brushes off the rings. 
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The arched strips d\d\d\ are for connecting the three 
brushes of each slip-ring together. 

In all short-circuiting and brush-lifting gears, it is 
important that the short-circuiting should be effected 



Fig. 223.— Bar Wound Rotor. {Rruse & Cn.) 

before the brushes are lifted; otherwise the rotor circuits 
would be opened, and the motor might stop. 

Fig, 223 shows an end view of a slip-ring rotor for » 
large induction motor. The winding consists of copper 
strips arranged exactly like the winding of a large continuous- 
current armature, and it is generally referred to as a bar 
winding . The principle of the method of connection em- 
ployed on this rotor is given in Fig. 224, from which it will 
be seen that the winding is very similar to an ordinary 
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wave winding * On tracing out the circuits of the various 
phases relative to the poles (shown shaded), it will be 
evident that the arrangement gives the same effect, so far as 
e.m.f. is concerned, as the windings in Tigs. 122 and 220. 

It may be added that one or the other of the methods of 
winding shown in Figs. 220 and 224 is generally adopted 
for the stators of heavy-current alternators, since it would 
be almost impossible in such cases to bend thick strips into 
the shape of the windings shown in Figs. 125 and 130. 



Fig. 224. — Diagram of Connections of Rotor in Fig. 223. 


107. PRINgiPLE OF SINGLE -PHASE INDUCTION 
MOTORS.— If we refer back to Figs. 188 and 180, and consider 
the variation in the magnetic field due to one phase alone, 
it will be clear that such a field only pulsates or oscillates ; 
in other words, the field only varies from a maximum in one 
direction to a maximum in exactly the opposite direction ; so 
that it certainly does not rotate. Thus in Fig. 189, I and II, 
the field due to poles 4 and 2 in phase B (Fig. 188) is from left 
to right, in III it is zero, in IV it is from right to left, and 
so on. Consequently, no matter how a two-pole stator be 
wound for single-phase current, it can only have two polar 
regions, which arc alternately and respectively N. and S. 

Because of the above, single-phase induction motors are 
not self-starting. 

* See the Author’s Electric Lighting and Power Distribution, Vol. I. 





334 Alternating-Current Work [chap, vl 

If, however, we were to take a two-phase motor, run it 
up to speed, and then cut off the supply to one phase ; the 
motor would continue to run, and would be capable of 
taking a comparatively large load. The reason is given 
later (p. 337). 

It follows from the foregoing, that in whichever direc- 
tion a single-phase motOT is started, it will continue running 
in that direction. 


The most common method of starting a single-phase 



induction motor is to convert it for the time being into a 
two-phase motor— by splitting the phase. 

One way of accomplishing this is to wind the stator 
with two distinct windings, like a two-phase motor. Such 
an arrangement is shown diagram matically in Fig. 225, 
the first winding A A being on poles 1 and 3, and the 
second winding A* A' on poles 2 and 4. In series with 
A A is put a non-inductive resistance E, whilst a choking 
coil C is inserted in series with A'A'. When these circuits 
are connected in parallel across the mains, the result i3 
that the current in coils AA is practically in phase with 
the voltage, whereas the current in A'A' lags considerably 
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behind the voltage. The supply current, in fact, is divided 
into two currents having a large phase-difference, and 
approaching very closely to a two-phase supply ; in other 
words, the phase is “ split.” In consequence, the two 
windings AA and A* A' will produce a rotating magnetic 
field in the rnauner described in § 93, and a squirrel-cago 
rotor will be set in motion thereby. 

As already mentioned, and as will be explained later, it 
is unnecessary to continue splitting the phase after the 
motor has attained its full speed. It would therefore be 
very uneconomical to leave the resistance R and the 
choker G in circuit, because the constant presence of R 
would consume a great deal of energy, whilst the choking 
coil G would reduce the voltage actually applied to the 
winding A’ A!. Hence, as soon as the motor lias got up 
speed, R , (7, and the stalling winding A' A' are all cut out, 
leaving only the running winding A A in circuit. 

Let us now see how the rotor, when once set well in 
motion, continues to rotate. 

Assume that the 4-pole stator in Fig. 225 has only one 
set of coils, say AA, in circuit. Also, suppose that a 
squirrel-cage rotor R is placed inside, as depicted in Fig. 226, 
and that it is driven at a good speed by another motor. 
When the windings A A are supplied with alternating 
current, a flux is produced in the direction of the axis of 
the poles 1 and 3 ; and this flux varies in magnitude and 
direction with the current. Assume that, at a particular 
instant, the poles 1 and 3 are respectively N and S, and 
that the rotor is revolving in a clockwise direction. 
Conductors 1, 2, 7, and 8 will then be cutting the flux 
from a N. pole, and 3, 4, 5, and 6 will be cutting that 
from a S, pole: consequently, e.m.fs. will be induced in 
them, sending currents in the directions indicated in 
Fig. 226, + and — denoting currents flowing out and in 
respectively. From this diagram it will be evident that 
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the induced currents will produce a magnetic field n 1 s 1 in 
the rotor, and that this field will pass through the poles or 
portions of the stator core marked 2 aud 4, magnetising 
them S x and N x respectively. 

Let us now consider the phase of this new flux 
N l S 1 in relation to that of NS. The e.m.fs. induced in 
the rotor conductors are strictly in phase with the inducing 

field NS; and they 
are directly propor- 
tional to the rate at 
which the lines of 
force are cut. But 
these e.m.fs. act upon 
a very inductive cir- 
cuit, for the con- 
ductors 1, 2, etc. on 
R, although in 
parallel, act like the 
winding of a choking 
coil, the magnetic 
circuit of which is 
This will be under- 
stood better from Fig. 227, where E, E represent the end 
connections of the squirrel-cage rotor R in Fig. 226. 

It has been explained that when an e.m.f. is im- 
pressed on the ends of a very inductive circuit, the 
current produced therein, and the flux due to this current, 
lag considerably behind the voltage. This is the case in 
Fig. 227, although the e.m.f. therein is induced, not applied. 
Consequently the flux n x s x in Fig. 226 will lag nearly 90* 
behind the e.m.f. induced in the rotor conductors, and 
therefore also the same amount behind the inducing flux NS. 

Suppose curve L in Fig. 228 represents the flux entering 
the rotor from poles 1 aud 3 (Fig. 226), then M represents 
the e.m.f. induced in the rotor conductors, and N (lagging 



Fig. 226.— Effect of Rotating the Rotor of a 
Single-Phase Motor. 


completed through poles 2 and 4. 
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nearly 90* behind M) represents the flux produced in the 
poles 2 and 4. 

The above shows that when the rotor of a single-phase 
motor is in motion, the stator is magnetised in a very similar 
manner to that due to 
two-phase current. Thus, 
compare curves L and N 
in Fig. 228 (the ordinates 
of which are proportional 
to the flux) with Fig. 187. 

The chief difference be- 
tween them is that the 
maximum heights of the 
two flux curves in Fig. 228 
are different, whereas in 
Fig. 187 they are equal. 

At starting, the flux N in 
Fig. 228 (corresponding 
with S X N X in Fig. 226) is 
standstill ; but when the machine lias been given a fair start, 

the fluxes L (due to 
NS in Fig. 226) and N 
in Fig. 228 will com- 
bine to form a rotating 
field, like that described 
in § 93. The motor 
will consequently run 
up to speed, and will 
then take a considerable 
load. 

From the foregoing 
explanation it should 
be evident that a single-phase motor will rotate in the 
direction in which it is started, since the direction of the 
flux N l S l in Fig. 226, depends upon the direction of rotation 



Fig. 228. — Curves of E. M.F. and Fluxes 
in Fig. 226. 



Fig. 227. — Choking-Coil Action of 
Rotor and Poles 2 and 4 in 
Fig, 226. 


zero, since the rotor is at a 
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of the rotor. Thus, if the rotation be reversed, the curve A 
(due to N x i Si) in Fig. 228 is reveised, and therefore the direc- 
tion of the rotating field due to L and JVwill also be reversed, 
as explained in § 95. It follows, then, that the diagram- 



rig. 229. — Stator of a Single-Phase Motor. ( Harding Churton & Co.) 

matic motor in Fig. 225 could be made reversible by con- 
necting the winding A 'A' to a reversing switch. (Fig. 194a.) 

In the above treatment, the stator has been shown in 
the figures as having salient poles ; but in actual machines 
of course the stator core is identical in construction with 
those shown in Figs. 125, 217, and 229. This, however, 
does not affect the explanations given. 

Although a single-phase induction motor can cope with 
a considerable load when once started, care must be taken 
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not to overload it. If the load were increased beyond a 
certain value, the rotor would stop dead and would need 
restarting. The rotor of a polyphase induction motor, on 
the other liarid, would quickly regain its normal speed 
directly the overload was removed; since the rotation of 
its stator field is quite independent of the speed of its 
rotor. 

108. SINGLE -PHASE INDUCTION MOTORS AND 
THEIR CONTROL. —The stator of one make of single-phase 
motor is shown in Fig. 229. The cover of the terminal 



Fig. ?29a.— Diagram of a Portion of the Winding of the 
Stator in Fig. 229. 


block is removed, and the large and small pairs of terminals 
seen thereon form the ends of the running and starling 
windings respectively; the latter, as explained later, being 
longer and of smaller size. 

This particular stator is wound for 10 poles, and has 
90 slots, 70 of which are filled by the running winding 
RW } and the remaining 20 by the starting winding SW. 
A diagram of the connections for one-fifth (t.e., 2 poles) 
of the windings is given iu Fig. 229a : the remaining por- 
tion would be simply a repetition of this figure. To show 
the coils clearer, SW has been indicated with two con- 
ductors per slot, and R W with one conductor per 
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slot. The actual windings, of course, have a number 

of conductors in 
each slot. 



It should be 
noted that Fig. 
^ 229a is similar 
to Fig. 121, ex- 
§ cept that in the 
S former one wind- 
^ mg occupies 
;| more slots than 
j the other, 
~ whereas in the 
u latter, each 

o 

t winding takes 
to an equal n lim- 
ps ber. The reason 
~ for this differ- 
ence is that, in 
J the single-phase 
t motor (Fig. 229), 
.g the starting 
g winding is in 
'Z circuit only for 
| a few seconda 
“ at each start, so 
© it can consist of 
” comparatively 
£ thin wire, which 
will pack into 
fewer slots, and 
so leave more 
slots available 


for the main or running winding. 

These machines are fitted with either squirrel-cage rotors 
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or wound rotors with slip-rings, exactly lilr<s those used 
with polyphase motors. 

A machine with a squirrel-cage rotor must be started 
up on very light load, or on a loose pulley, since with a 
starting current about 25 per cent, greater than the f nil- 
load current, the starting torque is only about { to J of the 
full-load torque. If the machine be fitted with a wound 
rotor with slip-rings and external starting resistance, the 



Fig. 231. — Diagram of Connections of fclie Starter in Fig. 230. 


starting current is decreased, while the starting torque is 
improved, as explained at the end of § 97 and in §§98 
and 99. 

Fig. 230 illustrates a starter for a single-phase slip-ring 
motor. This consists of a triple- arm rheostat switch 
and a special switch, mounted on an enamelled slate 
face plate. The latter is fixed to the front of a cast-iron 
frame containing the resistance wives, and is provided with 
a cast-iron cover with a slot through which the operating 
handle protrudes. A diagram of the electrical connections 
is given in Fig. 231. This starter differs from that in Fig. 
199 in that there are no automatic overload and no-voltage 
releases. It is provided with an arrangement (seen on the 
right-hand side in Figs. 230 and 231) for cutting-out the 
non-inductive resistance R (in series with the running 
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phase) and also the starting phase, when the motor has 
got up speed. These operations are performed by a copper 
switch-blade k pivoted about k, and fitting into copper jaws 
d and e oil the one side and'/ and g on the other. 

It should be noticed that in this arrangement the 
choking coil shown in series with the starting phase in 
Fig. 225 is omitted. The reason for this is that the start- 
ing phase of the machine in Fig. 229 is wound with a 
much greater number of turns than the running phase, 
and therefore has a much higher impedance than the 
latter, so that it is unnecessary to add to it externally. 
Thus the reactance of such a winding is very great com- 
pared with its resistance, and the current in the starting 
phase will lag considerably behind the voltage ; whereas 
in the running phase* the current and the voltage will be 
practically in step on account of the large non-inductive 
resistance R. Hence the effect is exactly the same as that 
obtained in Fig. 225. 

Before closing the circuit at the main D.F. switch 
(Fig. 231), the starter handle m is pub in the starting or 
“off” position, and the blade A is then held in contact with 
jaws d and e by the interconnected mechanical arrange- 
ment seen in Fig. 230. Both these figures show the starting 
position. When the double-pole switch between the motor 
and the mains is closed, the current flows through c, 
Fig. 231 (one of the three terminals on the left in Fig. 230), 
then through pivot k, blade h , jaw e, non-inductive resist- 
ance R, and terminal a, to the running coils. The current 
to the starting coils flows via c, k, h, d, and b. 

The motor having started, the starter handle is turned 
slowly in a clockwise direction; and when nearly all the 
rotor starting resistance has been cut out, and the machine 
has reached practically full speed, the projecting part m 
of the handle comes against an extension l of the blade h t 
and rotates the latter about its pivot k until its makes 
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contact with jaws / and g (as shown dotted). The result 
is that the running coils will be connected directly across 
the mains through c, g , h,f and a; whilst the resistance E 
and the starting phase will both be put out of action. It 
should be noted that under running conditions the pivot k 
does not carry current, there being a direct connection 
between c and g via k. Any danger of heating due to 
imperfect contact at k is thus avoided. 

The motor is stopped by opening the main D.P. switch ; 
and before it can be started again, the starter handle must 
be brought back to the “off” position. As it is moved to 
this position, it automatically puts the blade h back into 
contact with d and e, thereby rendering it impossible to 
try and start the motor without the resistance E and 
the starting phase being in circuit. 


There are numerous uses for very small single-phase 
squirrel-cage motors of less than one horse-power, and 
there is no necessity to use expensive and elaborate start- 
ing switches therewith. Messrs Lundberg & Sons have 
devised special tumbler switches for controlling such 
motors, as seen in the following diagrams. 

Figs. 232 and 233 illustrate a switch, and Fig, 234 the 
connections, for a single-phase control. The switch is a 
modified “Twinob,” and will carry up to 10 amperes. When 
the switch is off, the depression of the little box piece B 
forming part of one lever, ensures the closing of both the 
starting and running circuits. Directly the finger is re- 
moved, the box lever flies off, so opening the starting 
circuit, and leaving the running lever on as in Fig. 232. 
To stop the motor, the depressed round-knob lever is put 
off, i.e., up ; and the switch levers are then in the position 
seen in Fig. 233. 

The control just described can also be effected by the 
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type of switch shown in Fig. 235. This is a modification 
of the “ All-or-Part-and-Olf ” switch, is of 10 amperes 
capacity, and is shown in its off position in the figure. 
To start the motor the switch knob is put up, and 
is held there (against the force of the push-off spring 
S) until the motor has got up speed. The knob is then 
moved through the central (off) to the down or running 
position. 

When there is no external resistance or choking coil to 




Fig. 232. 


Fig. 233. 


'* Twinob " Control -Switch for rery small Single-Phase Motor. {Luwlberg . ) 


be connected, the “Twinob” is generally preferred to the 
modified “ All-or-Part-and-Off” switch; uuless a break is 
wanted on both poles, in which case the coupled arrange- 
ment depicted in Fig. 236 is adopted. The switch for this 
control externally resembles Fig. 206. 

Another coupled arrangement, with a break on one pole 
only, provides for currents up to 20 amperes if the voltage 
be low. 

When an external resistance or choker, or both, are to 
be connected, the “ Twinob ” switch cannot be used. Fig. 
237 shows the connections of the modified “ All-or-Part- 
snd-Off" switch (Fig. 235) when a resistance is employed; 
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and Fig. 238 the connections of the same for starting through 
a choker as well as a resistance. The latter figure should 
be compared with Fig. 225. 

Starting circuits with resistance or choker, or both, can 
also be dealt with by 
coupled switches (Fig. 

206) giving a break on 
both poles. 

Single or coupled 
switches of the Fig. 

235 type can be fitted OFF” 

with a fool-proof auto- 
matic lock-and-release 
device to prevent them 
being put into the run- 
ning position first. 

It may be of interest 
to note that a 14 Twinob” 
switch, coupled as in 
Fig. 200c, can be con- 
nected in an ordinary 
circuit to act as: — (a) 
a large-capacity single- 
way switch, (5) a quad- “ FULL- ON”, 

ruple-break single-way pig. 234. — Connections of ‘'Twinob” 
switch, or («) a pilot ControPSwitcb for wry mtll Single- 

’ ) ' 1 Phase Motor. (Lumberg.) 

switch. With a very 

slight modification it may also be connected as (rf) a 
double-pole switch. 

Messrs Lundberg’s special switches have effected quite a 
revolution in lump-circuit controls, and have greatly added 
to the conveniences of electric lighting in consequence.* 
They are also largely used on heating apparatus. 

* Set the Author’s Electric Wiring Diagrams > or his Lektrik Lighting 
Connections, — the latter obtainable from Messrs Lundlierg A Soni. 
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108 a. speed-variation op induction motors. 

—The two types of alternating-current motor already con- 
sidered are essentially constant-speed machines. Thus the 
speed of a synchronous motor is absolutely constant at all 
loads and if it be over-loaded sufficiently 4o prevent its 
rotor’ keeping pace with the stator field, it will stop at 
once (§ 91). The variation in the speed of an induction 
motor between no-load and full-load is so very small that 

it may also be 
said to run at a 
constant speed. 
The effect of 
overloading a 
motor of this 
kind beyond a 
certain limit 
would be to 
cause it to stop ; 
the stator mean- 
Fig. 235 .— Control Switch for very small Single- Phase while taking 
Motor. {Undbcrg.) guc h an excess 

of current that the circuit fuses would probably be blown. 
(See page 374.) 

Different speeds can be obtained from induction motors 
by so winding the stator that the number of poles can be 
varied. This method, however, involves such undesirable 
complications in the stator winding, that it is very seldom 
adopted. 

The most common way of arranging for the variation of 
the speed of an induction motor is to fit it with a slip-ring 
rotor, and to provide for the insertion of non-inductive 
resistances in series with the rotor winding, in exactly the 
same way as is done when starting-up a motor of this type. 
But this method has the great drawback that the speed 
varies with every fluctuation of the loAd. unless the rotor 
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HANDLE DOWN. 


HANDLE CENTRAL. 
OFF 


HANDLE UP. 

+ START ING 


RUNNING 



RUNNING 

vQMflMfl /- 1 

WINGING 


RUNNING' 

L-^MMSUL- 1 

WINDING 


RUNNING 
WINDING 


Fig. 236.— Single- Phase Motor Connections for Coupled Switches as 
Fig. 235, giving a Break on Tloth Poles. (Lundb&rg.) 


Running 


RUNNING 



STARTING. RUNNING. 

Fig. 237. — Connections of Switch for Controlling very small Single-Phaae 
Motor through a Starting Resistance. {Lundberg,) 



238.— Connections of Switch for Controlling very small Single-Fhas* 
Motor through a Starting Choker and Resistance. (Lundberg.) 
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resistances are constantly readjusted to each fluctuation. 
Thus, take the case of a 10-b.li.p., 50-cycle, 6-pole, slip-ring 
motor, having a full-load slip (with brushes short-circuited) 
of 5 per cent. : — 

From the Formula on p. 310 : — 

Synchronous speeds— -1000 r.p.m. 

And from Formula 49, p. 309 (and p. 310), 

(PeTMi-tajrr 5 _ 1000- x (speed of rotor) 

S V>° 100 1000 

. rj 1 1 \ O X 1 000 . r 

t.e, (Slip) — — — — - — 1000 — x =o0 
1 100 

speed of rotor (x) at full load = 1000 -50 = 950 r.p.m. 

That is, the speed varies between practically 1000 r.p.m. 
at no-load and 950 r.p.m. at full load. 

Next, suppose resistances are inserted in the rotor 
circuits to reduce the speed to, sa v, 600 r.p.m. with a load 
of 6 b.h.p. ; it being noted that with a constant torque, the 
horse power is practically proportional to the speed. If this 
load is taken off, the speed will rise to practically 1000 
r.p.m., though the rotor resistances have not been altered. 
That is, the speed will now vary between practically 1000 
r.p.m. at no-load and 600 at 6 b.h.p. This wide fluctuation 
of speed would in many cases be highly undesirable. 

Further, when the speed of a motor is varied by resist- 
ances iu the rotor circuit, the stator will continue to take 
the same power from the mains in order to exert a given 
torque, whatever the speed may be. Thus, in the above 
example, when the output of the motor has been reduced to 
6 b.h.p, at 600 r.p.m., the stator will still continue to absorb 
from the mains, power equivalent to 10 b.h.p., the additional 
i b.h.p. being wasted in heating the rotor resistances. 

The reader may be somewhat surprised at such 
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behaviour on the part of the induction motor, and will 
perhaps be asking himself, (a) Why should inserting 
resistances in the rotor circuits produce a variation in the 
speed of this type of motor ? and, (&) Why should that 
variation he dependent upon the load ? 

It was explained on p. 302 that the torque exerted by 
an induction motor depended upon the product of the flux 
and the rotor currents, aud also upon the angle of lag 
of the currents behind the e.m.fs. induced in the rotor. 
With the supply voltage constant, the flux produced will 
be practically the same at all loads ; also, when the motor 
13 running near synchronism, or when it has liigli non- 
inductive resistances in the rotor circuits, the angle of lag 
in the rotor will be practically negligible (p. 303). Hence 
we can say that the torque is proportional to the rotor 
currents ; that is, the greater the load on the motor, the 
greater must be the rotor currents. 

Now, when the slip-lings are short-circuited, the rotor 
resistance is low; consequently, the e.m.f. required to set 
up a given current in the rotor is also low. This means 
that the slip — upon which the magnitude of the induced 
e.m.fs. depends (p. 309) — will be small. 

Next, suppose that non-inductive resistances are in- 
serted in the rotor circuits, as sliowu in Fig. 198. Then, in 
order to set up a given current in the rotor winding, the 
e.m.fs. induced must be greater, consequently the slip will 
have to increase correspondingly, and the rotor will there- 
fore be running at a lower speed. This explains why the 
the introduction of resistances into the rotor circuits 
produces a variation of speed. 

As regards question (J) above, the answer to this 
will be more or less evident from what has just been said, 
namely, that the rotor current increases with the load on 
the motor, so that the e.m.fs. induced in the rotor windings 
must also increase correspondingly, Now, on no-load, the 
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rotor e.m.fs. only require to be small, even with large 
resistances in the rotor circuits, consequently the slip will 
be very small. With high rotor resistances on full load, 
on the other hand, there must be a large slip in order to 
produce the required currents. This explains why the 
motor in the example on p. 348 varies in speed from 600 
r.p.m. at6b.h.p. up to about 1000 r.p.m. when running light. 

.Further, the presence of the resistances in the rotor 
circuits means that a large amount of power is being 
wasted in them, so that with a constant power being taken 
by the motor from the mains, the useful output decreases 
in proportion to the speed, the remainder of the power being 
converted into heat in the rotor resistances. 

It is therefore evident that regulation of speed by rotor 
resistances is exceedingly uneconomical, and this method is 
only adopted when efficiency and constancy of speed are of 
secondary importance. 

When a variable-speed single-phase motor is required, 
one of the commutator types should be used ; and when 
variable speed is required with three-phase motors, it is best 
to secure it by mechanical moans. These matters are 
explained in the following sections. 

109. COMMUTATOR MOTORS. — To secure variable 
speeds without the above drawbacks, machines have been 
evolved (both for single-phase and polyphase working) in 
which the rotors are fitted with commutators. Up to the 
present, however, 'polyphase commutator motors have only 
been adopted to a very limited extent ; chiefly because 
their high initial cost and their comparatively complicated 
construction outweigh the advantage of variable speed. In 
other words, the simplicity and the extremely satisfactory 
performance of three-phase constant-speed induction motors, 
whether of the squirrel-cage or slip-ring type, is so much 
superior to that of three-phase commutator motors, that 
when variation of speed is required, it is often preferable 
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to instal one of the former types, and to vary the speed 
by mechanical means, it ., by one of the various sorts of 
speed-changing gear. 

Single-phase commutator motors , on the other hand, are 
vastly superior to single-phase induction motors. The 
latter are not very satisfactory 1 even at their best, since 
they are not self-starting unless fitted with an auxiliary 
or starting-phase; and even then their starting torque is 
poor. Further, their efficiencies, power factors, and over- 
load capacities are lower than those of corresponding 
polyphase motors. 

For such work as electric traction on railways, single- 
phase is preferable to three-phase for distributing the 
power, since only one insulated conductor is necessary 
(§ 117). It is also essential in such work to have a variable- 
speed motor, and one that is able to exert a powerful 
starting-torque. These desiderata are only obtainable with 
the commutator motor, which is thus a machine of great 
and increasing importance. 

Practically all the different types of single-phase com- 
mutator machines can be placed in one or the other of the 
following groups : — (a) series motoi'S and (b) repulsion motors. 

110. THE SINGLE -PHASE SERIES MOTOR.— This 
machine is somewhat similar in construction and action to 
its continuous-current relative. 

In the continuous-current series motor the current 
passes through the armature and field in series, and causes 
the armature to rotate in a certain direction. Now if this 
current were suddenly reversed, the direction of rotation 
would still be the same, because the current in both the arma- 
ture and the field would have been reversed. It follows, 
therefore, that if such a motor were fed with a slowly alternat- 
ing current, it would not alter materially in its action. The 
only differences would be : — (a) a lower efficiency, due to 
the current round the field-magnet inducing eddy currents 
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in the solid magnet core (§ 74) ; and (6) the induction by the 
alternating magnetic flux of “ extra” or secondary currents 
in certain portions of the armature windings, namely, in 
the coils which were being short-circuited by the brushes. 
The magnitude of both of these effects would depend upon 
the frequency of the current. 

Extra or secondary currents in the armature are only 
troublesome because of their tendency to cause sparking at 
the commutator ; and this disadvantage may be overcome 
by careful design, and by the introduction of special wind- 
ings on the stator. Eddy currents in the field-magnets are 
prevented by laminating the magnetic circuit. Thus, the 
chief difference between continuous-current and single- 
phase series motors is that the latter must have laminated 
field -magnet cores. 

It is clear that a scries motor built for single-phase 
current will work equally well when fed with continuous 
current. In proof of this, on some railways in the United 
States, part of the track is supplied with continuous 
current, and part with single-phase current; and the train 
motors have to work with one or the other, accord- 
ing to the portion of the line the train happens to be 
traversing. 

Like their continuous-current cousins, single-phase 
series-wound motors exert their maximum torque at start- 
ing, and are thus adapted for the same important kinds of 
work. As compared with ordinary induction motors, their 
chief disadvantage lies in the fact that they have com- 
mutators, there being consequent sparking troubles. The 
latter are more pronounced than in continuous-current 
machiues; since in addition to the ordinary causes, there is 
a transformer action between the field and some of the 
armature coils, as already mentioned. This action may be 
explained with the help of Fig. 239, which shows a Gramme- 
ring armature in a 2-pole field A and B. In order not 
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to confuse the figure, the connection between the brushes 
BB and the field-coils are broken between l, l , and m, m. 

When the machine is supplied with alternating current, 
an alternating flux i8 produced between the poles AB , this 
flux passing through the armature as indicated by the dotted 
lines. At the moment shown in the diagram, coils 1 and 5 
on the armature are short-circuited by the brushes BB , 
hence they 
will each act 
like a closed 
secondary cir- 
cuit of a trans- 
former(p,223); 
the alterna- 
ting flux in- 
ducing e.m.fs. 
and heavy 
circulating 
currents in 

them. Immediately afterwards, the commutator sections 
of coils 1 and 5 pass from under the brushes BB; so that 
the circulating currents are abruptly broken, and there 
will consequently be a great tendency to spark at the 
brushes. 

It is therefore essential to reduce this transformer 
action to a minimum ; this is done : — 

(a) By having a large number of commutator segments, 
sn that there are only a few turns per coil. 

(i) By using very narrow brushes, so that only one or 
two coils are short-circuited simultaneously ; and 

(c) By using high-resistance carbon brushes, and in- 
serting resistances r, r, etc., between the windings and the 
commutator segments, as in Big. 240. These resistances 
decrease the circulating currents in the short-circuited 
coils, and therefore decrease the sparking and sparkwear. 


Fig. 239. — Transformer Action in a Single-Phase 
Commutator Motor. 
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The increase in the resistance of the armature will be com- 
paratively small, since at any given instant only those 
resistances are in circuit whose corresponding commutator 
sections are in contact with the brushes. 

Apart from the above-mentioned points of design, the 
sparkwear at the commutator may be reduced by employing 
as low a supply frequency as possible ; since the trans- 
former e.m.f. 
is clearly pro- 
portional to 
the frequency. 
(Formula 43 
p. 227). Tims 
it is that a 
frequency a9 
low as 15 is 
generally 

Fig, 240.— Arrangement of Resistances between the adopted in 

Windings and tins Commutator Segments in a . 

Single- Phase Motor. Single- phase 

railway work. 

An example of a series commutator motor, and a goods 
locomotive into which it is being lowered, are illustrated in 
Fig. 241. This locomotive is one of various types used on 
the Prussian State Railways. The trolley wire is at present 
being supplied at 10,000 volts* 15 cycles; this voltage being 
etepped-down to about 400 volts by means of a. transformer 
carried on the locomotive. The actual pressure supplied to 
the motor can, however, be varied to a certain extent, partly 
by means of tappings on the secondary of the transformer, 
and partly by means of an induction regulator. The latter 
is a transformer with a rotatable secondary core and wind- 
ing, the pressure induced in the secondary depending upon 
the position of the movable portion with reference to the 
fixed primary core and winding. 

• It was proposed to raise this pressure later to 15,000 toUb. 
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The locomotive is fitted with two low collectors for taking 
the current from the overhead wire* but only one of these 
is shown in Fig. 241. The motor is connected to the four 
driving axles by a combination of oblique and horizontal 
connecting rods, as seen in the figure. 


This locomotive is capable of drawing 700 tons (including 



Piff. 241. —Single-Phase Locomotive. (Siemens- Srhuckert.) 


its own weight) at a speed of twenty miles per hour con- 
tinuously; and its maximum permissible speed with a lesser 
load is fifty miles per hour. 

Electric railway work in general, and single-phase railway 
work in particular, are further referred to in §§ 117 and 
118 at the end of the book. 

111 . THE SINGLE-PHASE REPULSION MOTOR.— This 
is the other type of single-phase commutator motor men- 
tioned on page 351. Its characteristics are very much like 
those of the series motor just described; but it has the 
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advantage that no connections between the mains and the 
commutator are necessary, so that it is possible to use 
higher pressures on the stator windings. Its action may 
be explained as follows. 

If we arrange a laminated magnetic circuit sucli as if 
in Fig. 242, and send a single-phase current through the 



Fig. 242. Fig. 243. 

Principle of the Single- Phase Repulsion Motor. 


coil A, a similar but opposite current will be induced in the 
coil B, which is wound on a rotatable iron core pivoted at 
p. The current in B, being almost directly opposite in 
phase to the current in A } will try to produce north and 
south polarities at Q and Q' respectively when P and F are 
magnetised north and south respectively by the current 
in A, This state of things will obviously cause repulsion 
to take place between P and Q , and between F and Q', 
along the line L L joining P and F ; but since these two 
forces will be equal and opposite, no motion will take 
place. If, however, the secondary winding B and its core 
be slightly turned, as shown in Fig. 243, there will still 
be a certain amount of repulsion between P and Q, and 
between F and Q;. But instead of being set up along the 
line L L, the repulsion will now take place along the lines 
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11,11, so that the coil B with its core will tend to move 
round in a clockwise direction, until its axis lies at right 
angles with L L> There would then be no tendency for 
further motion, because the induction of current in the 
coil B would have stopped. 

It might at first be supposed that the motion was in 
some measure due to the shape of the core, but this is not 
the case, since, even if the core be spherical, the same 
tendency to rotate will be evident, provided that the axis 
of the coil be inclined to the line L L to start with, as in 
Fig. 243. 

The above illustrates the principle of the single-phase 
repulsion motor, except that the method of securing con- 
tinuous rotation has yet to be explained. 

An actual machine of this kind has an armature and 
commutator vejy similar to those of a continuous-current 
motor ; ^ut the brushes are unconnected with any external 
circuit, their function being simply to short-circuit each 
coil (or group of coils) in turn as it (or they) reaches the 
best position. 

One such arrangement is diagrammed in Fig. 244 (A), 
where it will be noticed that each brush B, B, short-circuits 
the three coils marked 2, 3, and 4, which may be assumed 
to have currents induced in them in the same way as the 
coil B in Figs. 242 and 243. 

Since, as has been shown, the short-circuited coils tend 
to set themselves so that they enclose no magnetic flux, 
the armature in Fig. 244 (A) will move in the direction 
indicated by the arrow, when alternating current is sent 
through the field-coils at F, F. Directly any coil (say 
No. 1) arrives under the centre of the adjacent pole, the 
sections of the commutator to which it is connected will 
have just left the brush, so that it will then be open- 
circuited ; and another coil (say No. 4) will enter into action 
to take its place. This action will take place on both sides 
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of the armature (in a 2-pole machine), and continuous 
rotation will be maintained in this way. This particular 
arrangement of the brushes, however, is seldom used now, 
as the width necessary to span so many sections in- 
volves considerable brush friction, and consequent heating 
of the commutator. 

A more usual arrangement of the brushes is that 



shown in Fig. 244 (B), where, as before, the armature is 
of the Gramme-ring type ; but the two brushes are only 
of ordinary width, and are connected together. In thiB 
case, the whole armature consists virtually of two windings 
in parallel, consequent poles being set up continually at 
the points p, p. Thus the rotation is still counter-clockwise, 
as shown by the arrowy although the position of the 
brushes upon the commutator is 90* removed from that 
in Fig. 244 (A). 

Modern repulsion motors are fitted with drum armatures, 
similar to those on continuous-current machines. 
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It should be mentioned that similar precautions to 
obtain good commutation have tJo be taken with repulsion 
motors as with series motors; the transformer action in 
the short-circuited coils having to be minimised in the ways 
described on p. 35?,. 

In Fig. 245 are shown the parts of a 2-b.h.p., 4-pole, 
single-phase repulsion-induction motor . The stator St is 
wound with an ordinary single-phase winding similar to 
that shown in Fig. 119; and the four leads brought out 
from it enable the halves of the winding to be connected 
either in parallel or in series, to suit the voltage off which 
the machine has to work. Thus, in the particular machine 
shown, the halves would be in parallel for 100 volts, and in 
series for 200 volts. This is obviously a very convenient 
arrangement. 

The stator St is mounted on the bedplate BP, and its 
position adjusted by the screw or bolt S. The winding of the 
rotor R is exactly similar to that of a ordinary continuous- 
current armature. Its pulley is seen at P r . 

The commutator, which is at the end marked C, is of 
the radial or disc type, its face being at right angles to the 
shaft, instead of parallel therewith, as in the ordinary or 
drum form of commutator. Bearing on this commutator 
are four carbon brushes A , which are attached to a brush- 
gear fitted on the inner side of the end cover E. This gear is 
capable of being rotated through a small angle by a lever 
Z, which is operated by a handle on the outside of E. 

The brushes are short-circuited together, so that when 
the stator winding is switched onto the mains the machine 
starts up as a repulsion motor, like Fig. 244 (B). As the speed 
approaches its correct value, the weights JPH r arranged in 
the form of heavy plates pivoted about points PP , tend to 
tly outwards under centrifugal force, just like the weights 
of an engine governor. The outward movement of these 
weights causes rods inside the rotor core to push forward 
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a ring which ahort-circuits all the commutator segments- 
This movement also causes the brushes A to be pressed 
away from the commutator surface, thereby eliminating 
brush friction and wear at the points of contact. The 
rotor is thus converted into an ordinary short-circuited 
rotor, and the machine continues to run as a single-phase 
induction motor. When the machine is stopped by 
switching-off the current, a spring on the rotor shaft causes 
the weights WW to resume their original position, in 
readiness for the next start. 

The change from a repulsion motor to an induction 
motor and vice versa takes place quite automatically at 
a certain predetermined speed, which can be varied by 
altering the position of WW relative to the pivots PP. 

The chief advantage of this type of motor over the 
ordinary single-phase induction motor (§§ 107, 108) is that it 
is capable of starting under full load, and that no auxiliary 
phase or phase-splitting arrangements are necessary. Its 
starting torque can be varied by slightly rotating the lever 
L, the effect being to increase or decrease the angle 0 in 
Fig. 244 (B). 

112. SINGLE-PHASE MOTOR CALCULATIONS * (See 
also § 45.) 

(Ex. 1). To find, The Current taken by a Single- Phase 
Motor: Given, Supply Voltage, and the Output, Efficiency, 
and Power Factor of the Motor. 

Find the current for a single-phase motor fed at 100 volts, 
and having an output of 5 b.h.p., if its percentage efficiency is 
78, and its power factor 80 per cent. 

* The matter in thi* and the following two sections has been taken, 
with some slight rearrangement, from the Authors Electric Circuit Theory 
and Calculations. 

It should be noted that power factor is sometimes expressed as a per- 
centage, although it is more usual to denote it as a fraction. Efficiency, 
on the other hand, is usually giten as a percentage ; hut it can equally 
wall be expressed as a fraction. 

13 — tT.sxoit 




(Ex. 2.) To find, The Power Factor of a Motor : Given, 
The Actual Watts absorbed, and the Apparents Watts as 
indicated by the product of the readings of an Ammeter and 
a Voltmeter. 

A certain single-phase motor on a 240 -volt circuit takes 
25 amperes, and a wattmeter placed in the circuit shows a 
reading of 5040 true watts. Find the power factor of the 
motor. 

The working involves the use of Formula 29 (p. 142), 
the power being expressed below in watts and volt-amperes 
instead of in kW and kVA, as is sometimes done. 

I’ower factor = act - usl = true ip P at in TOtu 

apparent watts Yolt-amperes 


Thus : — 


5040 

P "~240x25 


=-.!L = .84 

4x26 


(Ex. 3.) To find, The B.H.P. of a Single- Phase Motor : 
Given, The Voltage and Current it takes, its Efficiency, and 
its Power Factor. 

Find the b.h.p. of a single-phase motor when taking 
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40 amperes at 200 volts , if its efficiency is 81 per cent., and 
its power factor 86 per cent. 

Transposing Formula 50, on p. 362, we get:— 

B H P = V0 ^ 8Xam P ere8 Xp xeff . 


746 

_200x40x86x81 
746x100x100 r 
= 7*47. 


(50a) 


8x86x81 
: 7460 


113. TWO -PHASE MOTOR CALCULATIONS.— The 

simplest manner to work out calculations on two-phase 
motors is to consider their stator windings as two single- 
phase circuits. For instance, a 10 b.h.p. two-phase motor 
can be regarded as a machine giving out 5 b.h.p. per phase. 
The remainder of the calculation will then be identical 
with that for a single-phase motor. (See also § 45.) 


(Ex, 4.) To find, The Current taken by a Two-Phase 
Motor with Two Separate Circuits: Given, The Supply 
Voltage, and the B.H.P., Efficiency, and Power Factor of 
the Motor. 

A certain 200 -volt two-phase motor , having an efficiency 
of 85 per cent, and a power factor of *88, develops 12*5 b.h.p. 
Find the current taken per phase — i.e., in each of the two pa irs 
of conductors. 

1st Step. — B.H.P. per phase = ^-^ = 6*25. 

2nd Step. — Find current per phase. 

Here we use Formula 50, p. 362 : — 
b.h.p.x746 
“ volts xeffxp-f. 

6*25x746 

"200x-85x r 88 -311amp9, 

Thus each of the four wires has to carry, say, 31 amperes. 
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(Ex. 5) To find, The Current per Phase taken by a Two- 
Phase Three-Wire Motor, and the Current in the Middle 
Wire ; also the Voltage across the Outers : Given, The 
Phase Voltage, Efficiency, and Power Factor of the 

Motor. 

A two -phase 220 -volt motor supplied from three-wire 
distribution mains, and having an efficiency of 90 per cent, 
and a power factor o/*86, develops 20 b.h.p. Find the curren t 
per phase taken by the motor , the current in the middle wire , 
and the voltage across the two outer wires. 

20 

1st Step. — B.H.P. per phase = = 10. 

2nd Step. — Find current per phase. 


By Formula 50, p. 362 : — 


h.h.p.x746 
volts Xeffixp.f. 


10x746_ 

s 220x : 9x t 86~ 4 " 


8 amp9. 


3rd Step. — Find the current in the middle wire. 

By Formula 32a, p. 150, 

current in middle wire = 1414x phase current 
= 1-414 x 43-8 
=62 amps. 

4th Step.— Find voltage between the two outer con- 
ductors. 

By Formula 32 b, p .150. 

Voltage across the outers = phase voltage x J2, 

=220x1*414 
= 1 311 volts. 
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(Ex. 6) To find, The B.H.P. of a Two-Phase Motor: 
Given, its Apparent Input, Efficiency, and Power Factor. 

A two-phase 20Q-i , oft motor , having an efficiency of 87 per 
cent . and a power factor of 90 per cent . , takes a current of 
47'6 amps, per phase. What is its b.h.p. ? 

The B.H.P. per phase can be calculated from Formula 
50 a , p. 363, thus : — 

B H.P per phase 

746 


200 x 47-6 x -87 x *9 
746 


- 10 . 


Total B.H.P. of motor— 2 xB. H.P. per phase. 

- 2x10 = 20. 


114. THREE-PHASE MOTOR CALCULATIONS (See 
Also § 45.) 

From Formula 38, p. 162. 

Power in watts given to a three-phase motor 
= x 2? L x 1*73 x p.f. 


Output in kilowatts- 


I L x E h x 1 ’7 3 x p.f. X eff. 

1000 


(51 


and Output in b.h.p. 


4x E l x 1-73 x p.f. x eff . 
746 


(521 


(Ex. 7.) To find, The Current taken by a Three-Pbase 
Motor : Given, the Line Voltage, and the B.H.P., Efficiency, 
and Power Factor of the Motor. 

Calculate the current taken id each line by a certain 
three-phase motor , which is fed at 500 line volts and develops 
200 b.h.p. At this load the motor in question has an efficieyuyy 
of 92 per cent . , and its power factor is 91 . 
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Solution. — The formula to be used here is a transposition 
of Formula 52. 

j . t B.H.P.X746 

Lme current = i me' v oT texi-73xefr.x P : f. (63) 

200x746 

500 x *92 x ’91x1*73 
1,492 

~4*6x*91 xl’73 
= 206 amperes. 

As explained on p. 162, in reference to Formula 38, 
from which No. 52 is derived, it makes no difference in 
this case whether the motor be mesh- or star-connected. 


(Ex. 8.) To find, The kVA Input, and the Full-Load 
Line and Phase Currents of a Three-Phase Motor : Given, 
the Supply or Line Voltage, B.H.P., Efficiency, and Power 
Fact< ir of the Motor. 

Find the apparent input, in kV A, of a 16 -h.p., three-phase 
motor supplied at 190 line volts, if its efficiency is 86*6 
per cent., and its power factor 90 per cent, at that load. Also 
find the full-load line current, and the phase current, assum- 
ing the machine to be mesh- connected. 


1st Step. — Find the apparent iuput in kVA 


Here we use Formula 32, p. 146. 

Wft- b.h,p,x 746 
~~ 1,000 X elf. xp.f. 

Substituting the known values we get : — 


kVA at 


16x746 11,936 

1000 x*866x*9 ^7794 = 


15-3. 
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2nd Step .— Find the full-load line current. 

First, bring the kVA to volt-amperes by multiplying by 
1000. Thus:— 

V A =15*3x1000 = 15,300. 

Then, find line current II by dividing the VA or 
apparent watts by the line voltage multiplied by J3. (See 
Formula 37, p. 162.) 

Thus : — 

_ volt-amperes _ 

7 ‘ — jJt <54) 

■ , 15,300 

«•«•» h= iflOxl-73 = 46 ' 5 am P eres - 

3rd Step. — Find the full-load phase current. 

From Formula 36, p. 159, it follows that: — 

th. . line current 

Phase current = -r— — 

46'o p, 

= — — = 26‘9 amps. 
l‘7o 


(Ex. 9.) To find, The Power Factor of a Three-Phase 
Motor: Given, the Supply Voltage, the Current in the Line 
Conductors, and the B.H.P. and Efficiency of the Motor. 

A 4A0~volt three-phase motor takes a line current of 60 
amperes, and develops 50 b.h.p. ; Us efficiency being '92. Find 
its power factor. 

A transposition of Formula 52, p. 365, is used here. 

Thus : — 


Power factor = 


b.h.p.x746 

j&iX/ £ xeff.xl;73 


50x746 

440x60x-92xl'73 


( 55 ) 


= • 887 . 
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(Ex. 10.) To find, The B.H.P. of a Three-phase Motor: 
Given, Its Voltage, Current, Efficiency, and P.E. 

A three-phase moto-r having an efficiency of 89 per cent., 
and a pmver factor of *99, takes a current of 50 amperes 
at 500 volts. Find its b.h.p. 

Solution. — The formula required is No. 52, p. 365, 
thus : — 

u u p Fj x h Xeffi xp.f. X 1 *73 
" 746 

500x50 x*89x *92x1*73 
746 

_ 25x89x9*2x1*73 
746 

=47*4. 

115. CIRCLE DIAGRAM FOR POLYPHASE INDUCTION 
MOTORS. — The circle diagram of an induction motor is a 
diagram which enables its behaviour under various condi- 
tions to be predetermined. Thus, when the circle diagram 
for any given motor has been drawn, its line current, 
input, internal losses, power factor, and efficiency, for* 
any given output; and also its overload capacity, can be 
at once determined. 

The main reason for introducing the circle diagram here 
is that it helps in the understanding of the characteristics 
or behaviour of the induction motor. 

The complete theory of such a diagram is too advanced 
for treatment in this book ; and further, the diagram is 
complicated when fully drawn. Thus in what follows, the 
diagram is given the simplified form usually employed; 
and the reader must take its correctness for granted. 

We will now proceed to construct the diagram, the 
quantities being assumed to relate to some particular 
three-phase motor. 
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In Fig. 246 : — 

Draw OX for base line. 

Draw OV ( = vector of voltage applied to stator) at 
right angles to OX. 

Draw OA (=liue current taken on no load*) at angle 
VO A got from cos VO A obtained as follows : — 

cos VO A = power factor on no load. 

_ watts absorbed on no load 

s/3 x line volts x line amps, on no load 

( 56 ) 

This is akin to Formula 55, on p. 367, except that 
there is no mention of efficiency. The latter quantity 
does not enter here, or in Formula 58, because only the 
input power is being considered. 

The quantities from which cos VOA is calculated are 
obtained with test readings on a wattmeter, voltmeter, and 
ammeter. 

Draw OC (=line current taken on u short-circuit,” 
ie., when rotor is “locked” or held stationary,!) at angle 
VOG got from cos VOG as obtained on page 371. 

OG is the current that would be due to the full pressure ; 
but as this current would be very large, and would overheat 
the windings, it is usual to calculate it from a smaller 
current obtained when a reduced voltage is applied. This 
reduced voltage is about 20 to 25 per cent, of the supply 
voltage. 

* A motor is said to be “running light" or to boon “ no load "when 
it* rotor is unconnected with an j external load. 

| The term “short-circuit" is used here in a special and rather obscure 
way. Inordinary use, “short-circuit current” would mean that due to 
the cutting-out of all the resistance, etc., in its circuit; and it would be 
exceedingly large compared with the normal current. In the above special 
use, the short-circuit current of the stator, vix., that flowing when the rotor 
is prevented from moving, ia only about 4 to 6 times the full-load current 
in a motor of medium *ir.e. 
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Thus : — 


* ‘ Short- circuit^ 
current ” OC at I 
line or supply j 
voltage, J 


And : — 


1 “ Short-circuit" 
current’' ob- 
served on test 
with 1 educed 
voltage. 


line volts. 

voltage employed on test. 


( 57 ) 


cos 


VOC = 


watts absorbed on short-circuit test. 

JS Xtest volts on 9tator X test amps, to stator. 

■ ( 58 ) 


When performing the above test on slip-ring motors, 
the rotor slip-rings must be short-circuited just as they are 
when the machine is running on load. 

From the above quantities, the circle diagram in 
Fig. 246 is completed by joining A and 0, bisecting AC 
at E \ and dropping a perpendicular EF thereto to meet the 
horizontal line OX at F. Then with centre F t and radius 
equal to FA or FC, a semi-circle AP x Pfi is described. 

It could then be proved (though not here) that if the line 
current taken by the motor when supplying any given load 
be represented to scale by a line OP (not marked ), the end 
P v P s , or P 3 , etc., of that line will always lie on the arc 
of the semicircle just described. 

The angle POV (i.e„ PfiV, PfiV, or PfiV \ etc.) will 
give the angle of lag (<t>) of that current behind the applied 
voltage; and cos POV will be the corresponding power 
factor. Thus, for a point P v OP, represents the stator 
current, and cos FOP, the corresponding power factor. 

In other words, suppose we know the line current, and 
have found its vector length to the proper scale, then if 
its vector be drawn from 0 at such an angle that its other 
end rests on the arc of the semicircle, say at P s , PfiV will 
be the angle of lag of the current. 

Now draw P,#, parallel to OV. Then, angles PfiV 
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and OP x S x are equal, and cos OP^ is given by 
^r 1 (see p. 100). 

/. P 1 FP—OP l cos OP l ff l =OP l cos <p. 

As OP y represents the stator current at some particular 
load, it follows from Formula 38 (p. 162), that the power 
absorbed by the motor (if three-phase) may be stated as 
follows : — 

Power (in watts) = ^3 x line voltage xOP x cos 0. 

= J3 X line voltage xP x H x . 

The above shows that the power absorbed by the motor 
(i.e,, its input) is proportional to P l U l in Fig. 24C. In other 
words, the perpendicular from any point P on the arc of the 
semicircle to the base line OX is directly proportional to 
the power taken by the motor from the mains, when the 
distance of that point from 0 represents the corresponding 
stator current. 

It could also be shown (though not here) that the 
length of the portion of the perpendicular to OX between 
the arc and the line AC is proportional to the output of 
the motor for any given case. Thus, for point P v P X G X 
represents the output of the motor to the same scale as 
P X H X represents the input; and G X S X will consequently 
represent the total losses in the machine. Hence (from 
formula 31, p. 145) the percentage efficiency at that par- 
P G 

ticular load is given by p^xlOO. 

With any other stator current, say 0P 2 , cos VOP 2 is 
the power factor; PJl 2 and Pfi 2 are respectively pro- 
portional to the input and the output of the motor, and 
G 2 H 2 is proportional to the total losses. 

These chief features of the circle diagram are shewn in 
the simplified Figure 246a 
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Another characteristic to be observed from the circle 
diagram is the variation of the power factor with load. 
Now at no load (i.e., no external load), tha current taken is 
represented by OA (Fig. 246), and the angle of lag of the 
current behind the voltage then approaches 90‘. But as 
the current increases up to, say, OP h the phase difference 
decreases, and the power factor consequently improves, since 
the cosine increases as the angle decreases (see p. 271). 



But beyond a certain value of the stator current, the phase 
angle increases instead of continuing to decrease; for 
instance, VOP a is greater than VOP v and VOP s is greater 
still. 

This shows that as the load on an induction motor is 
increased from its minimum, the power factor first in- 
creases from a very small value up to a maximum, and 
afterwards decreases. It is therefore always desirable so 
to design an induction motor that its power factor is as 
nearly as possible a maximum at the load it is intended to 
cany normally. 

It has been stated that the length of Pfi % in Fig. 246 
is proportional to the output of the machine. Now it will 
be observed that if the load be increased until the stator 
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current equals say OP s , the corresponding (output) length 
of Pfi z is less than that of Pfi^. This shows that the 
mechanical power which the motor is capable of giving 
out, actually decreases after a certain increase of load, even 
though its current continues to increase. Thus, if the point 
where the output began to decrease were passed, the motor 
would “pull up” and come to a standstill ; and the current, 
unless prevented by fuses or circuit-breakers, would increase 
to OG, which is the “ short-circuit ” current (p. 369), and 
the machine would be dangerously overheated. At this 
point, the power CD taken by the motor is all absorbed 
within the machine, there being no output. 

This illustrates one great difference between a continuous- 
current aud an induction motor. With the first, however 
much the load is increased, the armature or rotor will 
always tend to keep in motiou, for its torque increases as 
the current increases. With induction motors, on the other 
hand, the rotor will immediately stop dead when the load 
exceeds a certain amount, which is generally about from 
2 to 2J times full load. This characteristic renders induction 
motors less suitable than continuouB-current or a.c. com- 
mutator motors for loads which fluctuate in value between 
very wide limits. 

The overload capacity of an induction motor is generally 
expressed as the ratio of the maximum output of which the 
motor is capable to the rated output of that machine ; and 
is generally about from 2 to 2£ times the rated or full-load 
capacity , according to the design of the machine. 

115a. CIRCLE DIAGRAM FOR POLYPHASE INDUC. 
TION MOTORS {cortid.). It should be evident from the 
foregoing that once the circle diagram for any given induc- 
tion motor is drawn, the most important characteristics of 
that machine can easily be determined. 

The following example will assist in elucidating the 
calculations involved. 
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Example ,— The understated readings were observed on the 
no-load test of a three-phase 4 -pole induction motor 

Terminal volts ~ 440, l ine, currents a amperes, power 
absorbed — 800 watts. On the “ short-circuit " test , current — 
15*5 amps., terminal t>o/te=105, and power absorbed = 900 
watts . The rated output of the motor was 10 b.Kp. Draw 
the circle diagram for this motor , and from it determine (a) the 
power factor at full load , (b) the full-load efficiency , and (c) the 
overload capacity. 

(I.) To Construct the first part of the Circle Diagram. 

From Formula 56, p. 369, we have: — 

Power factor on no load=, , — ==’21 

1*73x440x5 

Angle of lag (of which *21 is the cosine) of current 
behind volts =78*. (See p. 273.) 

From Formula 57, p. 371, 

440 

Short-circuit current at 440 volts=15'5 

lOo 

=65 amperes. 

From Formula 58, p. 371, 

. . 900 

Power factor on short-circuit 

= *32. 

Angle of lag of current behind volts=71*. 

Now draw OV in Fig. 247 vertically from the left-hand 
end 0, of a base line OX, OV represents the voltage 
vector. Next draw OA at an angle of 78° with OV, and of 
such a length that it represents the no-load current to a 
scale of, say, 1 cm. =5 amperes. Also draw OG at an angle 
of 71" with OV to represent to the same scale the short- 
circuit current of 65 amperes. Then construct the semi-circle 
AP X P 2 C in the manner described on p 371. 
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(II.) To find the Pull-Load Power Factor. 

Assume the full-load efficiency to be 84 per cent., and 
the full-load p.f. to be -85.* 

Then from Formula 53, p. 366 : — 

« 11 1 1 . b.h.p, x746 

Full-load current = _ — 5 ; 7 

1’73 x line volts x eff. x p.f. 

10x746 

l*73x440x‘84x’85 

=sl3'7 amperes. 

With centre 0 , and radius representing to scale (1 cm. 
=5 amps.) 13-7 amperes, describe an arc cutting the semi- 
circle at P v Join OP x , and measure the angle VOP x . 

* Those who are always working amongst these figures know approxi- 
mately what they ought to be. For the assistance of the beginner, however, 
the following Table has been compiled, giving average values of the full- 
load efficiencies and power factors for different outputs. These figures must 
be taken only as guides in order to start the above calculations. If the 
calculated Tallies agree pretty closely with those assumed from the Table, 
they are correct ; if they differ, the whole calculation must be repeated 
with the calculated values for the efficiency and the power factor, as 
explained overleaf. 

Tablj op Efficiencies and Power Factors for 
Three Phase Induction Motors. 


B.H.P. 

Percentile 

Effleiencj. 

P*wer Factor. | 

Two.pole. 

Four-pole. 

SlX-pole. 

Eight pole. 

5 

81 

■87 

*82 

•77 

•70 

10 

84 

-69 

■85 

•81. 

•77 

20 . 

86 

•91 

•88 

•85 

'82 

50 . . . 

88 

•92 

1 

•90 

[ 

■88 

•86 

100 and upwards 

90 

•93 

•92 

1 

'91 

•89 
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In Fig. 247, FOP^SV 
.*. Full-load p.f.= cos VOP i= cos 31* 

='857 

(III.) To find the Full-Load Efficiency. 

Draw P l H l parallel to OV and cutting AO at 
Then, as already stated (p. 372) : — 

P G 

Percentage efficiency = x 100. 

*i“i 

Now, in calculating this efficiency value, it is immaterial 
in what units or scale the lengths P X G X and P\H X are 
measured, so long as both are expressed in the same unit9. 
For convenience, let us measure both directly in centi- 
metres. 

In Fig. 247, P-fl 1 =1 , 98 cms., and Pj/7^2'35 cms. 

1*98 

.-. Full-load efficiency “^35 Xl00=84'2 per cent. 

It will be observed that the values of both the p.f. and 
the efficiency, as calculated from the circle diagram, happen 
to agree practically with the assumed values. If this had 
not been the case, as often occurs in practice, the values of 
the p.f. and the efficiency so determined must be substituted 
instead of the assumed values in the expression for the full- 
load current, and the above calculations for the full-load 
power factor and efficiency repeated. It will be found that 
this second set will probably agree closely with those 
assumed for determining them ; if not, the calculations must 
be repeated with the last set of values. 

(IV.) To find the Maximum Output and the Overload Capacity. 

It follows from what was stated on p. 374, that the first 
thing is to determine the maximum distance between the 
arc APfi of the semicircle and the line AC ; and the simplest 
way of doing this is to draw KL parallel to AO by means 
of set squares, so that KL just touches the arc. Suppose the 
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point of contact be P it then draw F 2 H 2 parallel to OV and 
cutting AG at G a . Now, by geometry, P is the maxi- 
mum distance — along a perpendicular to OX — between the 
arc AP^G and the line AG ; P 2 G 2 represents the 
maximum output of the motor. 

As measured from Fig. 247, P 2 £ 2 =4- 35 cms. 

Overload capacity of motors™ *™™ ° Utp ~ 
full-load output 

_P 4 (r 2 _ 4 ' 35 __ 9 . 9 
Pfi x 1-98 

i.e the maximum b.h.p. which the motor under considera- 
tion would be capable of giving would be 2‘2xl0, or 
22 b.h.p, 

116. THE APPLICATIONS OF ALTERNATING - CUR- 
RENT MOTORS.— If, say. five hundred different machines 
for the most varied purposes and of all sizes were considered, 
the difficulty would be to pick out those which could not be 
driven by some type or other of a.c. motor. Thus a 
whole volume could bo filled with illustrations of machines 
(coupled to a.c. motors) for use in every conceivable kind 
of work or trade. 

The very few examples dealt with here, in addition to 
one or two already illustrated and mentioned below, have 
been selected to show some of the severest conditions under 
which alternating-current motors are called upon to work. 


Fig. 185 shows a synchronous motor driving a continu- 
ous-current generator or dynamo. The motor takes the place 
of an engine, and performs the work much more economic- 
ally and efficiently in the situations in which such motor- 
generator sets are used. 


The electric locomotive in Fig. 241 is a striking example 
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Fig. 248 — A Dick-Kerr Induction Motor coupled to a Sulzer Pump. 
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of heavy traction work, and bo also in the complete electric 
train in Fig, 258. 


Fig. 248 shows how admirably electric motorB are 
adapted for use during such operations as shaft-sinking, 
etc., where space is very confined. This particular figure 
illustrates a Dick-Kerr three phase slip-ring induction 
motor (at the top) directly coupled to a Sulzer pump ; and 



Fig. 249. — The Oil-Electric Ship Tyvtmouni, 

it will be noticed ,tbat the whole equipment is exceedingly 
compact. It is chiefiy because of its compactness that the 
electric motor has almost entirely displaced every other type 
of engine in connection with operations of this kind. 


The following example relates to one of the most recent 
developments in the application ot alternating -current 
motors. In Fig. 249 * is illustrated the electrically-driven 
ship Tynemount, built by Messrs Swan, Hunter, & Wig- 
ham Richardson, Ltd., of Wallsend-on-Tyne, to the order of 

• The blocks for Figs. 249 and 250 wore kindly supplied by the Pro- 
prietors of Electrical Engineering ; in which Journal a full description or the 
Tynemouth appeared on Oct. 23rd, 1913. 
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the Electric Marine Propulsion Co., for cargo service on the 
great lakes and canals of N. America. The system of driv- 
ing is due to Mr H. A. Mavor, M.I.E-E. 

The equipment consists of two six-cylinder four-stroke 
vertical Diesel engines, each capable of developing 300 b.h.p. 
at 400 r.p.m. To each engine is coupled a three-phase 
235-k.v.a. alternator and exciter. One of the alternators, 


45 


45 

Fie 251.— 7 ynmonnt Alternator and Motor Connections for Maximum 
6 Speed. 



which we shall refer to as A, is fitted with six poles, and 
the other B, with eight poles; heuce, by Formula 1, p. 34, 

the frequency from A is 4 ij^ = 20 cycles per second, and 

that from B is 26*6 cycles per second. 

The current from these, two generating sets is led to a 
500-b.h.p. induction motor, the rotor of this being mounted 
direct on the propeller shaft. The rotor is of the squirrel- 
eaee type, but the stator is provided with two different and 
entirely separate windings, which we shall refer to as C and 
D. C has 30 poles and D has 40. . 

When alternator A is connected to windings C on the 
motor, as in Pig. 251, the synchronous speed of the motor 

would, by Formula 1, p. 34, be 6 ^° =80 r.p.m. Similarly, 
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when B is connected to D , the synchronous speed of the 
motor would also be 80 r.p.m. Thus when both sets are con- 
nected at the same time, the motor absorbs the total power 
of the two engines, and drives the propeller at an actual 
speed of about 78 r.p.m. ; this being the highest speed of the 
propeller. 

To obtain a lower speed, the alternator A is connected 
to windings D of the motor (Fig 252), so that the synchron- 



Fig. 252 . — Tynemouni Alternator and Motor Connections for Medium 
Speed. 


ous Bpeed of the motor is then — 60 r.p.m. Now, the 

power required by the propeller decreases faster than the 
speed, so that with a speed about three-fourths of full speed, 
the power absorbed is only about half of that absorbed at 
full speed. The power of the one engine driving alternator 
A is therefore ample, and the engine driving B can be shut 
down. 

This is one of the chief advantages of this oil-electric 
system over the ordinary practice in which all the engines 
are coupled to a propeller (or propellers), and have to be 
kept going even when the load is only a fraction of its full 
value. The efficiency under such conditions is obviously 
low. 
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A further advantage of this system is that the alter- 
nators when working together are connected to entirely 
separate circuits, and are therefore never run in parallel. 
This avoids the need for synchronising apparatus (§ 67), and 
simplifies the handling of the plant very materially. 

Another advantage is that there is no mechanical con- 
nection between the propeller-and-rotor shaft and the fixed 
portion of the machinery ; so that the latter is not affected 
by the sudden and frequent variations of load thrown upon 
the propeller in rough water. 

The control gear consists of two parts — the first, a main 
switch for effecting the change of connections shown in 
Figs. 251 and 252, and for reversing the motor (§ 95) ; the 
second, a switch for varying the resistances and i? 5 
in the shunt circuits of the exciters E l and These 
two switches are so interlocked that the first switch can 
only be operated when the whole of the resistances R } and 
R 2 have been introduced into the shunt circuits. The 
excitation is then practically zero, and the main switch 
consequently does not have to break any large currents 
between the alternators and the motor; the latter being 
started and stopped by increasing and decreasing the excita- 
tion of the alternators by means of the resistances. 

As will be seen in Figs. 249 and 250, all the propelling 
machinery is located in the stern of the boat ; and a sectional 
elevation and plan showing its general arrangement are 
given in the latter figure. 

Electric-ship work has developed very rapidly, as may 
be judged from the fact that the President Coolidge and 
President Hoover are electrically-propelled. 


In Fig. 253 is shown the "crab ” C (traversing and hoist- 
ing portion) and a portion of the “ bridge ” BB of a 40-ton 
electric overhead travelling crane, which as a whole can 
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" travel ” from one end to the other of the building or yard iu 
which it is installed. The crab runs on the rails r r , and is 



fitted with three three-phase slip-ring motors. Of these, T 
is for traversing ({.«., moving the crab to any portion of the 
bridge), and Mh and ^Afor operating the main ( 40 -ton) and 
auxiliary (o-ton) hoists respectively. A fourth motor Tr 


253. — Overhead Electric Travelling Crane. {Babco k t 1- fT'ileox.) 
( British Thomson- Houston Motors . ) 




Electric Cranes 
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on one side of the bridge, is for moving the whole to any 
desired point betjveen the ends of the place in which it is 
installed. Current is supplied to the motors, and connec- 
tions are made between the rotors and their starting resist- 
ances, by means of the wires seen suspended alongside the 
girders of the bridge. 

Vig. 254 gives a side view of a similar crane, or rather of 



Fin. 2'>4.~Om> of O 10 many Uses for an Overhead Travelling Crane, 
{] labr tick cfc Wikox.) {Metro- 1 ’irkern J.td.) 


two cranes — one behind the other, these being engaged in 
lifting and carrying a locomotive engine. The crab of the 
front crane and the hanging cage in which the control gear 
is fixed, and in which the driver sits, can be seen to the left 
of the figure. 

Fig. 255 shows a new pattern of wharf crane. Here, 
again, there are four distinct movements, The crane tower 
or pedestal as a whole can travel along the wharf ; the 
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crane proper can turn on a vertical axis on the top of its 
pedestal ; and the main and luffing jibp can be moved 
through wide angles. 


One of the most severe duties that can be imposed upon 
the alternating-current motor is that of driving wiuding 
gears for collieries, etc. 

Fig. .256 gives an example of a three-phase motor instal- 



Fig. 255.— A Travelling Jib Crane, ( Babcock <fc Wilcox,) 

(Gen. Elec. Co.’s Motors.) 


lation for such a purpose. This set lias been constructed 
and erected at the Burley l’it of the Midland Coal, Coke, 
and Iron Company by the General Electric Company of 
Witton. 

The plant is designed to complete a wind from the full 
depth of the shaft (458 yards) in 80 seconds, with a gross 
load of 30 cwts. or 12 men. The motor M is of the slip- 
ring type, and is rated at 145 b.h.p. The normal motor 


§ lie.] Electric Winder for Mines 389 



39° Alternating-Current Work [chap. vi. 

speed is 240 r.p.m., this being reduced by gearing running 
in an oil bath to give a speed of 39 r.p.m. to the winding 
drum JVB. 

The leads from the slip-ring brushes (the slip-rings are 
out of the illustration on the left) are taken to the resist- 
ance tank RT , and may be seen passing into the bottom 
thereof. This tank consists of three chambers' insulated 
from one another, each of which 
is nearly filled with a resist- 
ance electrolyte, such as water 
with soda in solution ; and 
from the top of the tank are sus- 
pended three blades which are 
joined together both mechanic- 
ally and electrically. This 
arrangement is shown diagram- 
rnatically in Fig. 257. The 
motor is started by switching 
the current onto the stator, 
and allowing the resistance 
tank blades to descend into the 
electrolyte. The greater the 
area of the blades immersed in 
the electrolyte, the smaller 
the resistance in the rotor 
circuit ; and when the blades reach the contacts K, K, K t 
all the resistance is cut out of the slip-ring circuit. The 
advantage of this type of starter is that a very smooth 
acceleration of the winding drum WD is obtained. If 
the metal-resistance type of starter were employed, there 
would be an appreciable increase in the stator current as 
each step was cut out, so that the cage would be subjected 
to sudden jerks. 

An adequate description of the plant in Fig. 256 is 
beyond our scope, but the following additional parts may 



Fig. 257.— Simple Diagram of 
Liquid Starter for Slip-King 
Motor. 
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be rioted. P is the raised platform on which the 
driver stands; the three levers at Z, with one or two 
others, giving him full control over the plant through the 
main switches, rotor resistance, brake gear, etc. 

R is the steel hoisting and lowering rope, which passes 
through a slot in the wall over a pulley outside, and then 
down the mine shaft. The motor is geared to the winding 
drum through oil-immersed reduction gear at EG ; and B 
are portions of brake gear acting on a pulley on the motor 
shaft ami on the winding drum respectively. 

The main cables from the stator pass out, down, and 
below the floor, behind the shield S. 


The applications of am. motors are so very varied that 
there has been some temptation to extend this portion ; but 
one must draw the line somewhere. The following matter 
on electric-railway work, however, forms a sort of ex- 
tension. As stated at the beginning of this section, motor 
applications would fill a whole volume ; and this would be 
so even if they were treated in the same brief way as the 
foregoing. A thorough treatment, including the various 
interesting and elaborate systems of control, some of which 
are much more intricate than the simple methods described 
in this book, would fill several volumes. There are one or 
two large books in existence which treat of electric cranes 
solely I 

117. ELECTRIC - RAILWAY WORK .-Electric-railway 
work offers perhaps the widest scope of all the varied 
applications of electricity to the young electrical engineer 
who desires to specialize (see page 4); but in order to 
succeed in it he must also be a very good mechanical 
engineer. And some acquaintance with civil engineering 
would be essential. 
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Eledric railways may be worked with either continuous, 
single-phase, or three-phase current; but for reasons that 
follow, it would seem that the single-phase system will 
eventually be the most extensively employed. 

In comparing the above three systems of electric 
railway, we may start with the three-phase. The chief 
advantage of this system is that the line conductors can be 
worked at a very high voltage ; and it was explained on 
p. 15 that this is most desirable when large powers have 
to be transmitted over long distances. Another favourable 
feature is the absence of commutator troubles. The system, 
however, possesses a serious drawback, namely, that two or 
three insulated line wires have to be provided; the rails 
being employed as the third- phase conductor when two 
insulated lines are used. The overhead construction is thus 
exceedingly complicated at junctions and crossings. A 
further disadvantage of the three-phase system is that 
induction motors are not suitable for economical speed- 
variation (§ 108a). So far, three-phase railway working has 
been almost entirely limited to the Italian State Hallways, 
and it does not seein likely that it will extend very much. 

The field for the continuous-current system seems to be 
practically limited to tramways (which are a species of 
railway), and to suburban and other railways a few miles in 
length. In tfiis field, continuous current iB likely to hold 
its own. The reasons are simple. As regards tramways, 
the introduction of pressures above the usual 500 or 600 
volte in the streets would be dangerous; and at these 
pressures, continuous-current working, with either an over- 
head or underground line conductor, is superior to single- 
phaBe. Railways, however, generally take much more 
power than tramways, and require a massive live con- 
ductor if worked at low voltage. Nevertheless, there is 
not very .much difficulty in disposing of this large con- 
ductor on the track ; so that such lines, if comparatively 
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short, are likewise best worked at from 500 to 600 volts 
with continuous current. It would obviously be too ex- 
pensive a matter to have the heavy conductor overhead. 

It is true that abroad there are several continuous- 
current lines working at 1000 volts, and a few at 2000 
volts, presumably with overhead conductors. On account 
of commutator troubles with the motors, the latter voltage 
appears to be as high as it is possible to get on the 
continuous-current system, and it is far below the limits 
possible with the single-phase system. 

When we come to main-line railways with their long 
mileage, the problem is quite different. For economical 
working, the line conductors must be fed at a high voltage 
(p. 15), that is, 5000 to 15,000 volts or so. It will be 
obvious that line conductors on the track are entirely 
unsuitable for this pressure, so that overhead construction 
must be resorted to. The choice of system consequently 
lies between the three-phase and the single-phase. The 
drawbacks of the former are absent in the latter, and so we 
arrive at the conclusion that the single-phase is the most 
suitable system for long railways. 

As regards electric railways generally, it is interesting 
to reflect that the Giant's Causeway and Portrush Tramway 
in the North of Ireland, and Volk's Electric Pailway at 
Brighton, were the first permanent electric lines to be 
erected in the United Kingdom — if not in the world. They 
were both opened in 1883, the first in March, the second in 
August ; and they are both working now. Their historical 
interest is self-evident. 

Excluding the thousands of miles of electric tramways, 
there are some hundreds of miles of underground, overlvead, 
and surface railways now in operation on the continuous- 
current system in this country ; the latest addition (not yet 
quite completed) being nearly 150 miles of suburban lines 
on the Southern Railway. 


14— (TsidD 36 pp. 
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118. SINGLE-PHASE RAILWAY WORK.— The single- 
phase railway system originated in the United States, and 
the British Westinghouse Electric and Manufacturing Com- 
pany first demonstrated its possibilities in the United 
Kingdom by erecting a short experimental line at their 
works at Manchester about ten years ago. 

The first public line to be operated on this method in 
this country was the 9} miles of route between Lancaster, 
Morecambe and Hey sham Harbour, on the Midland Rail- 
way ; the opening taking place in 1908. The overhead 
line voltage is 6,600. 

The only other British line on which the single-phase* 
system was adopted was the original London, Brighton and 
South Coast Railway. The first section was opened in 1909, 
and another in 1911, the two comprising about 20 route 
miles and 65 track miles. Work was in progress on an 
additional 200 track miles, and would have been very near 
completion but for the Great War. It is quite within the 
bounds of probability that the whole of this Company’s 
railway will be electrified in due course. The overhead line 
voltage was 6,700; and it is interesting to note that, all 
the electrical power required was taken from an outside 
electricity-supply company. 

Rig. 258 shows a train on the above line. This had no 
locomotive, the collecting and coutroi gear being fitted at 
one end of a passenger coach. Instead of the trolley pole 
and wheel used on tramcars, a bow collector is employed. 
The overhead trolley conductor is hung from two parallel 
suspension wires above it by pairs of short wires disposed 
V-wise ; the suspension wires running over massive porcelain 
insulators mounted on steel girder arches every 50 yards or 
so. The suspension wires naturally sag towards the middle 

* The whole of this system, now forming part of the Southern 
Railway, has been changed over to continuous-current, working at 
tioO volU- 
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of each span, but by making the V-wires shorter here than 
near the arches, and graduating their length in between, the 
conductor wire is kept level. This method of supporting 
the overhead conductor is known as the double catenary 
suspension. 

The square wooden troughs seen on one side of the track 
contain the feeder cables, these passing through small sub- 
stations located every few miles along the line. 

In America and on the Continent there are already 
over 70 lines, with a total route mileage exceeding 2,500, 
working on the single-phase system ; so that, quite apart 
from the example of the Brighton Line before us at home, 
it is evident that the system has certain advantages. 

Some description of the types of motors used, and a 
short reference to and an illustration of a single-phase 
railway locomotive, were given in §110. It is impossible 
to deal with the subject further herein, as the details of 
equipment and control gear are very intricate. 

Though, as stated at the commencement of the previous 
section, three-phase current is not very suitable for direct 
application to train driving, it can De used in the feeding por- 
tions of railway networks. Thus on some continuous-current 
railways, the electrical energy is generated as high-tension 
three-phase at the generating station, and is converted to 
low-tension continuous current by means of rotary converters 
at various sub- stations. 



CHAPTER VI.— QUESTIONS. 

In answering these Questions give Sketches wherever possible. 

Note. ^Questions marked # range slightly beyond the subject-matter of 
this Book. Those marked f can only be partly answered therefrom. 


fl. Explain how a rotating field is produced by means of a 
three-phase current and give reasons why, in an induction 
motor, it is desirable to have a sine wave supply voltage and 
also windings designed to give a sine distribution of magnetic 
induction over the polar arc. (Grade II., A.C., 1914.) 

2. State and explain the principle on which a three-phase 
non-synchronous motor works. (Ele., 1909.) 

3. Describe the principle of action of a non-synchronous 
three-phase motor. Illustrate by a circle diagram. (Grade II., 
,4.0,1913.) 

t4. On which points in the design of a three-phase induction 
motor does the power factor depend ? Why is a resistance 
inserted in the rotor circuit of an induction motor with slip- 
rings at starting? How does an induction motor behave if, 
without any alteration in its connections with the supply 
circuit, it is driven by mechanical power so that its speed is 
raised above that of synchronism ? ( Ord ., A.G., 1910.) 

5. Explain the terms power factor and slip. (A.M.I.E.E. 
Exam., 1914.) 

6. Describe the relative advantages and disadvantages of 
squirrel-cage and slip-ring induction motors. (A.M.I.E.E. 
Exam., 1914.) 

7. Explain the action of an induction motor. State the 
relative advantages and disadvantages of squirrel cage and 
wound rotors, and describe, with diagrams, the methods used 
in starting motors of each type. (Grade //., A.C. , 1912.) 
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8. Describe the differences between a squirrel cage and 
wound rotor, stating the advantages of each. Give diagrams 
of connections for motor and starting gear in each case. 

[ [Firemen’ $ Final , 1914.) 

9. Give a diagram of connections for a three-phase auto- 
starter, and a diagram of connections for a rotor starter for a 
3-phase motor. (A.M.I.E.E. Exam., 1914.) 

10. Describe suitable methods of starting three-phase 
induction motors in the following cases : — (a) small squirrel 
induction motors in factories, ( b ) large induction motor driving 
continuous current generator, (c) large induction motor oper- 
ating haulage gears. (Final, 1st Paper , 1914.) 

11. Explain why in a three-phase induction motor (a) the 
torque is approximately proportional to the slip if the applied 
potential difference is constant, (b) the torque exerted for a 
given slip is proportional to the square of the applied potential 
difference. ( Ord ., A.C. , 1911.) 

12. Explain why (a) in a three-phase induction motor the 
power wasted in the rotor circuit is approximately proportional 
to the square of the slip, (b) the starting torque of a motor 
with a wound rotor is increased by inserting resistance in the 
rotor circuits. (Grade II., A.C. , 1912.) 

|13. Explain why, in an induction motor (1) the torque 
exerted by the motor is proportional to the slip, (2) when the 
voltage at the motor terminals is varied the torque exerted by 
the motor for a given slip is proportional to the square of the 
applied voltage, (3) the air gap of the raotdr must be short 
if it is to have a good power factor. (Grade II., A.C. , 1913.) 

fl4. What modifications are necessary in the design of a 
continuous-current series motor, in order to make it suitable 
for running with alternating current (single-phase) 1 How does 
the frequency affect the power-factor and the limiting output of 
a motor of that type t (Honours, 1st Paper, 1910.) 

fl5. Explain, with the help of a diagrammatic representa- 
tion of the windings and circuits, the construction and mode of 
operation of a modern form of single-phase repulsion motor 
suitable for railway work. Give the speed-torque curve of 
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8U ch a motor, and describe the means employed for starting 
and speed regulation. (Honours, 2nd Paper , 1910.). 

16. Explain, with sketches, the construction and principle 
of action of some form, of single-phase commutator motor. 
Why is commutation more difficult in a single-phase series 
motor than in one working on continuous current ? { Honours , 
Is* Paper, 1911.) 

17. A two-phase motor fed by three conductors takes 50 

amperes in each outer conductor. The voltage of each phase, 
i.e., between the common middle wire and the two outers, is 
200 volts. Calculate the horse power developed, the current in 
the middle wire, and the voltage across the outers. Efficiency, 
86; power factor, 86. ( l Vir emeu's Final , 1912.) 

Ans. 19'8 b.h.p., 70*7 amps., 283 volts. 

18. Calculate the current in the conductors supplying a 
3-phase motor developing 10 b.h.p. at 400 volts. Efficiency 
of motor 85 per cent., power factor 85 per cent. ( Wiremen's 
Final , 1911.) 

Ans. 14 ‘9 amps. 

19. An installation of four 10-h.p., two 25-h.p., and one 
35-h.p. motors, and 100 40-c.p. metal filament lamps is to be 
eupplied from a public supply 3-phase 4-wire main. The 
pressure across phases is 380 volts, and the lighting is to be, as 
near as possible, balanced between phases and the neutral. For 
what pressure must the lamps be supplied ; and what must be 
the section of each core of the service main, neglecting drop in 1 
volts? (A.M.I.E.E. Exam., 1914.) 

Ans. 220 volts. Each conductor must carry 195*9 or (say) 
200 amps. 

The efficiencies, p.fs., and number of poles of these motors 
must be assumed. This answer has been worked out for 4-pole 
machines, and with the values tabulated on p. 377. The lamps 
have been assumed to absorb 1 watt per c.p. 

20. The resources of a works are not sufficient to test a large 
induction motor under full load. What tests can you make 
on that motor to predict with a fair degree of approximation 
its power factor at different loads? (Final, 2nd Paper, 1914.) 
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.21. Construct, and explain fully, the circle diagram of the 
induction motor, showing in particular the manner in which 
the performance on load of an induction motor can be com- 
pletely determined with the help of this diagram and certain 
no-load measurements. ( Honours , 2nd Paper, 1911.) 

*22. What is the “circle diagram” of a three-phase motor 
and why is it given that name! Show a typical diagram for a 
three-phase motor, and explain how the current, power factor, 
slip, torque, and power are found from the diagram. How 
would the diagram change if the motor had more magnetic 
leakage ? (Grade II., A.C. , 1914.) 

*23. Show a typical circle diagram for a three-phase motor, 
including the graphic representation of current, power factor, 
slip, torque and power. How would the diagram change if the 
motor had more magnetic leakage? ( Ord A.C. , 1911.) 

f24. Describe the working parts of a three-phase induction 
motor. Two such motors, identical in every other respect, 
have different width of air-gap. How will they differ from one 
another in their performance, under identical conditions, in 
respect of current, power-factor, slip, and torque, at normal- 
load, at no-load, at overload, and at starting? (Ord., A.C . , 
1909.) 

25. A certain three-phase slip-ring induction-motor, rated 
at 45 B.H.P., 400 volts, 50 cycles per second, and 1,500 r.p.m. 
no-load speed, is tested running light, with the following 
results : — 

No-load current at 400 volts, 50 cycles = 17 amperes. 

Energy (stc) absorbed at do. do. = 1 ,600 watts. 

The motor was then tested at stand still with short-circuited 
rotor, when it was found that the stator current at 100 volts 
was 80 amperes, the power-factor of this current being 0'25; 
the resistance per phase of the stator winding (measured warm) 
was 0T5 ohm. 

With the help of a vector diagram, pre-determine close 
approximate values for : — 

(a) The full-load current. 
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(i) The full-load power-factor. 

(e) The overload capacity of this motor, when running 
under normal conditions. ( Honours , 2 nd Paper , 1909.) 

Ans. (a) 60 amps. (6) *9. ( 6 ) 24 times full load (=108 
b - h -p)' 

26. A three-phase star-connected induction motor gives the 
following data on test at a frequency of 50: — 

Running light — 6000 volts, 39 amperes per phase. Power 
taken 21 kW. 

Rotor locked — 1200 ,, 128 „ „ „ Power 

taken 48 kW. 

The resistance between any two of the primary terminals of the 
motor is 0 567 ohms. Assuming that tbe power taken by the 
motor when locked is proportional to the square of the voltage, 
find the maximum power which the motor will give, and deter- 
mine the slip. Take the supply pressure to be 6000 volts at 50 
frequency. (Final, Is/ Paper, 1914.) 

Ans. 3500 b.h.p., 10*8 per cent. 

Auxiliary Note. — The point at which the output of the motor is 
maximum is determined as described on p. 378, and the corresponding 
values of the current, p.f., and the efficiency, are measured ou the diagram. 
The b.h.p. is then calculated by means of Formula 52, p. 365. 

As regards the slip at the raaiimmn load, the simplest method of 
determining this is as fallows 

Slip _ _ Copper losses in the r otor circuits at that load. 

(at any load) Corresponding input to the rotor (by induction from the 
stator). (59) 

(The derivation of this formula cannot be given here.) 

Input to rotor— Output of rotor (to shaft) . 
i.e., p— i n p U t to 8 tator — Losses in stator. 

The input to the stator can be calculated by Formula 38, p. 162, the 
current and the p.f. being determined from the circle diagram, as already 
described. The output oF the rotor in watts or kilowatts is obtained from 
the b.h.p., which has just been determined. 

Tbe stator losses consist of (a) iron loss in tbe core, and (6) copper loss 
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in the windings. The iron loss can be assumed to be the same as the watts 
absorbed by the motor on no-load, since the copper, friction, and windage 
losses actually included in that reading are generally so small in comparison 
with the other losses that they can be neglected throughout this calculation. 
Hence in the above example, the iron loss will be 21 kW. 

The stator copper los3 can be calculated from the eurrtnt (already 
obtained from the circle diagram) and the resistance of each phase. In the 


present case, the resistance of each phase is 


•667 _ 


ohm, and the 


current per phase (from the diagram) i9 about 417 amperes; so that the 
total copper losses in the three phases will be 3 x (417)* x ’333 = 174 k\V . 
Hence, total stator lossea=21 + 174 = 195 k\Y. 

Further, the diagram gives the maximum output of the rotor as 
2610 k\y ( = 3500 b.h.p.), and the corresponding input to the stator is 
3120 kW. 


Slip- 


3120 - 195 - 2610 
3120-195 


= 10*8 per cent. 


27. A three phase induction motor takes, when running light 
on a pressure of 120 volts, a current of 7*5 amperes per phase 
at a power factor of 0*29. When the rotor is clamped the 
motor takes 24 amperes per phase with a pressure of 24*5 volts 
it a power factor of 0*45. Pind the maximum power at which 
the motor will operate and the load at which it will “pull out.” 
(Final 1 st Paper, 1913.) 

Ans. 10 b.h.p. The maximum load at w*hich the motor will 
operate will obviously be just a little less than that at which it 
will “pull out.” 

*28. Discuss the propositions which liave been made for 
operating main line railways of full gauge with electricity sup- 
plied at pressures exceeding 1,000 Yolts, and point out the con- 
siderations which are involved in the adoption of the particular 
types of motor, modeB of motor control and means of collecting 
the current. ( Honours , 2nd Paper, 1908.) 
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Bar winding, 332. 
Board-of-Trade unit, 134. 
Bow collectors, 355, 394. 
Break-down test, 120. 


C. 

C.G.S. system, 91. 

Cables. Capacity of , 1 1 1 , 1 12, 1 1 4. 

„ in metal conduits, 43. 

„ Pa per- insulated, 112. 

„ Various kinds of, 43, 44. 

Calculus, 1. 

Capacity and resistance in series, 105. 
f , Effect of in a circuit, 112. 

„ e.m.f., 87, 104. 

,, in a. -c. circuits, 44. 

„ inductance, and resistance in a continuous -current circuit, 49. 

„ „ „ „ inanaltcrnating-currcntcircuit,64,67. 

„ „ ,, „ in parallel, 115. 

„ „ „ „ in series, 107. 

„ of motors. Full-load and Overload, 374. 

„ of underground mains, 112, 114. 

„ -reactance, 104. 

Catenary suspension of overhead wires, 396. 

Centra l -station work. Drawback of reactive component of ourrent in, 
139, 141. 

Character of a current, 14, 

Choking or choke coil or choker, 215. 

Choking coil circuit, 103. 
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Choking coil, Practical forma of, 218. 

„ „ To find the necessary inductance for a, lOi. 

„ „ Uses of, 216. 

Circle diagram for polyphase induction motors, 368, 374. 

Circuit. Effects of an alternating current on the insulation of a, 119. 

„ with capacity and resistance in series, 105. 

,, ,, inductance and resistance in series, 97, 103, 

,» 11 „ capacity, and resistance in parallel, 115. 

„ n », „ „ „ in series, 107. 

Coal power and its uses, 11. 

Commercial efficiency of a motor, 145. 

„ engineer, 2. 

Commutator motors, 350. 

,, Disc or Radial, 359. 

Compensating coil «■ auto-transformer (which set). 

Components of a current, 139. 

Condenser action of some a,-c. circuits, 110. 

„ ' current, 114. 

„ Effect of inductance and resistance on discharge of, 67. 
Condensers in circuits, 45-48. 

„ Proposed use of in lamp circuits, 49. 

Conductor reactance, 74. 

Conductors- per-phase on an alternator or motor, 159, 188. 

Continuous current, 19, 22. 

Conversion and transmission of power, 8, 11. 

Copper losses in a transformer, 242. 

Cob or cosine, 100. 

Cosines, etc. Table of, 271. 

Counter e.m.f. of reactance, 96. 

Crest points, 30. 

Current. Active, 129. 4 

,, Alternating. (Set Alternating Current.) 

„ Character of a, 14. 

„ Components of a, 139. 

,, Continuous, 19, 22. 

„ pressure, power, and phase difference. Connection between, 

140. 

„ The various kinds in use, 5. 

„ transformer, 168, 209, 259. 

„ Virtual, 78. 

Cycles of e.m.f. or current, 33. 


D. 


Damper windings or coils, 192, 278, 282. 

Damping vanes, 166. 

Delta connection, 156, 159. 

„ versus star connection for alternators, 159, 

„ „ „ „ „ motors, 309. 

„ „ „ „ „ transformers, 248. 

Dielectric, 47. 

„ Electrifirstion of. 120. 
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Dielectric fatigue, 120. 

„ hysteresis, 121. 

Differentia! action in an alternator, 184. 

Dimming switch, 219. 

Diph&se current, 147. 

Direct or Continuous current., 19, 22. 

Dreams of the future, 10. 

Drum armatures, 358. 

Dynamometer wattmeters, 162, 163.) 


E. 


fi.M.F. for various circuits, 15, 

„ Generators of, 19. 

„ Impressed, 100. 

„ of alternators, 202. 

„ Reactive or inductive, 90, 96, 105. 

„ Variation of, induced in a rotating coil, 24. 

„ Virtual, 78 

„ waves. Variation from sine* wave form, 32. 

Earth shields of transformers, 239. 

Earthed main. Connection of auto-transformer to, 258. 

Earthing of instrument transformers, 169. 

„ „ neutral point of alternators, 160, 189. 

Economy coil. (<See Auto-transformer.) 

Eddy currents, 43, 225, 352. 

Efficiency aa a percentage or as a fraction, 361. 

„ of a motor, 145. ( See also Motor. — Calculations.) 

„ „ transformer, 242, 145. 

Electric cranes, 386. 

„ pump, 381. 

„ railway locomotive (single-phase), 354. 

„ ,, work, 391. 

„ ,. „ Single-phase, 394. 

„ railways. Combined continuous-current and single-phase, 352. 

„ ,, Comparison of systems, 392 

, . First, 393. 

„ Reason for low frequency on single-phase, 354. 

„ ships, 381. 

„ winder for mine work, 388. 

Electrical applications, 13. 

„ engineering, 3. 

„ oscillations. 24. 

„ power distribution. Advantages of, 7. 

„ „ Generation, distribution, and uses, 9. 

„ resonance, 67. 

„ system, 4, 6, 14. 

Electricity. Theory of, 18. 

Electrification of conductor dielectric, 120. 

Electromagnetic inertia, 51. 

Electromotive force. (.See E.M.K.). 

Electronic theory and electrons, 18. 
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Electrostatic induction, 46. 

End connectiona or end windings, 186. 

Energy in alternating-current circuits, 133. 

„ Prime sources of, 8. 

Examples of numerical working. {-See Worked Numerical Exampleg, 415.) 
Excess -current release, 307. 

Exciter, 178. 


F. 

Earad, 104. 

Flywheel alternator, 193. 

Form factor, 79. 

Formulae, List of, xx-xiiii. 
Frequency, 33. 

„ indicator, 70. 

„ Natural, 126. 

„ of alternators, 34 

Full-load capacity, 374. 


G. 

Generating station, 14. 

„ ,, Choice of transformers for, 249. 

„ „ work. Drawback of reactive component of current 

in, 139, 141. 

Gramme-ring armature, 352, 358. 


H. 


Harmonic motion, 27. 

“ Hecknum ” resistance wire, 306. 
Henry, 91. 

Humming of transformers, 226- 
Hunting, 278, 282. 


1 . 


Impedance, 88, 98, 106. 

„ cod, (See Choking cofl.) 

„ inductance, reactance, impressed volts, and virtual current, 
96. 

„ due to inductive-reactance and resistance in series, 99. 
Impressed e.m.f., 100. 

Index notation, 91. 

Inductance, 34, 37. 

„ and its unite, 91. 

„ „ resistance in an a.-c,circuit, 58. 

m ,, „ „ series, 97, 103. 
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Inductance, capacity, and resistance in a continuous -current circuit, 49. 
„ „ „ „ an alternating-current circuit, 

64, G7. 

„ „ „ ,, parallel, 115. 

„ „ . „ „ series, 107. 

„ in a continuous-current circuit, 36, 38, 40, 42. 

„ „ an alternating-current circuit, 41. 

„ of a coil or solenoid, 94. 

„ Reactance due to, 94. 

„ reactance, impedance, impressed volts, and virtual current, 
96. 

Induction coil, 222. 

„ motor. {See Motor.) 

„ regulator, 354. 

Inductive circuit. Variation of voltage and current in an, 37. 

„ e.m.f., 90. 

,, -reactance, 104. 

Inertia, 51. 

Influence, 46, 114, 120. 

Instantaneous values, 84. 

Insulation, 7. 

„ of a circuit. Effects of an alternating current on the, 119. 
Iron. Ageing of, 243. 

„ for transformers, 243. 

„ losses in a transformer, 242. 




kVA = kilo-voltampere. 
Kelvin, 134, 
Kilo-voltampere, 145. 


L. 

Lag and Lead, 67, 69, 72. 

Lagging currents. Synchronous motors compensate for, 279. 
Lap winding, 329. 

Lamination of cores, 226. 

Leakage flux in a transformer, 224. 

Lightning arrester, 217. 

Liquid-resistance starter, 390. 

Line and phase voltages and currents. 157, 16& 


M. 

Mathematical knowledge, 2, 

Maximum values, 95. 

Mechanical analogies, 49-69. 

„ resonance, 68. 

Mesh connection, 156, 159. 

txreus star connection for alternators, 159. 
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Mesh versus star connection for motors, 309. 

,, ,, „ „ „ transformers, 258. 

Microfarad, 104. 

Momentum, 51. 

Monophase current, 147. 

Motor. Asynchronous, 276. 

„ Conductors per phase on a, 159. 

„ Full-load and overload capacities of, 374. 

„ -generator, 17. 

„ „ Synchronous, 278. 

„ Induction, 276. 

„ Polyphase, 276. 

„ „ induction. 283 . 


„ „ Action and control of, 303. 

„ „ Action of, 298, 301. 

„ „ Circle diagram for, 368, 374. 

„ „ Pole-spacing, 294. 

„ „ Principle of, 284, 285. 

„ „ Reversal of, 290, *295. 

„ „ Slip, torque and load, 310, 349. 

,, „ Stator cores and windings of, 297. 

„ „ Starting torque, 316. 

„ „ Torque of, 303. 

„ „ Variation of power factor with load, 373. 

Power factor and efficiency of a, 144, 146. 

Single- phase, 276. (See also Single-phase.) 

Star versus mesh winding, 309. 
starter. ( See Starter and Starting.) 

Synchronous. 276. 

„ Advantages and disadvantages, 279. 281. 

,, Compensates for lagging currents, 279. 

„ Starting of, 281. 

Three-Phase. Calculations, 365. 

Two-Phase. „ 363. 

Motors. Alternating-current. Applications of, 379. 

Character iatics of polyphase induction, 377, 378, 

Classification of, 276, 

Commutator, 276, 350, 

Repulsion-induction, 369. 

Repulsion, 355. 

Starting of. (See Starter and Starting.) 

Mutual Induction, 34, 39. 

„ Circuits with, 40. 

„ Coefficient of, 40. 


N. 


Natural frequency, 125. 

Neutral point, 153. 

Non-inductive circuit, 34. 

, winding, 41. 

No-voltage iclease, 307. 

Numerical Examples. {See Worked Numerical Examples, 415,) 
I4A— (T. 5101 I 
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o. 

Uhm*s law. The equivalent of in a.-c. circuits, 98. 

Oil-cooled transformers. {See Transformer.', 

Oil-electric system of propulsion, 384. 

Oil-immersed switches, 313. 

Oil power and its uses, 12. 

One- phase current, 147. 

Oscillograph, 32. 

Oscillograms, 33, 57, 58, 82. 

Overload capacity of motor, 374. 

„ release, 307. 

P. 

P.D. or p.d. — potential-difference. (See below.) 

P. F, or p.f. — power factor. {.See below.) 

Peak points of wave, 30. 

Period and periodicity, 33. 

Per malice, 89. 

Phase, 74. 

„ advancer, 142. 

„ and line voltages and currents, 157, 158. 

„ difference, pressure, current, and power. Connection between. 
140. 

„ splitting, 334. 

Phi ($), 100. 

Pi (it), 94. 

Plant, 4. 

Polarity curves, 287. 

Pole-pitch, 184. 

,, spacing on motors, 294. 

Polyphase currents, 147. 

,, motors. ( See Motor.) 

Potential, 120. 

„ difference, 19, 120. 

„ transformer, 168, 209. 

Power component of a current, 139. 

„ Electrical. (See Electrical Power.) 

„ factor, 142. 

„ „ and efficiency of a motor, 144, 148. 

„ ,, as a percentage or ae a fraction, 361. 

„ „ Effect of on readings of wattmeter, 171. 

„ f , of series and parallel circuits, 117. 

„ in alternating-current circuits, 128, 131, 133. 

„ in three-phase star or mesh circuits, 161. 

„ index, 91. 

„ Its conversion and transmission, 8, 11. 

„ Measurement of, 162-172. 

„ phenomena in reactive circuits, 137. 

„ pressure, current, and phase difference. Connection between, 140 . 
„ Prime sources of, 8. 

„ Real and apparent, 128. 

Pressure - voltage. 
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Q- 

Quadrature. E.M.F. and current in, 62, 

R. 

R.M.S. or r.m.fl. ( — root- mean -square) value of pressure or current, 79. 
Ratio of transformation, 229. 

Reactance, 68, 104. 

„ coil. (See Choking Coil.) 

,, Counter e.m.f. of, 96. 

„ due to inductance, 94. 

„ inductance, impedance, impressed volts, and virtual current, 
196. 

Reactive and active components of a current, 138. 

„ current, 130. 

„ drop, 96, 105. 

„ o.m.f., 90. 

Reciprocal, 78. 

Regulation of alternators, 209. 

„ „ transformers, 261-270. 

Releases on motor starter, 307. 

Repulsion-induction motors, 359. 

„ motors, 355. 

Resistance and capacity in series, 105. 

„ ,, inductance in an a.-c. circuit., 58. 

„ „ „ „ series, 97, 103. 

„ capacity, and inductance in parallel, 115. 

„ „ „ „ in series, 107. 

„ inductance and capacity in a continuous-current circuit, 49. 

n „ „ in an alternating-current circuit, 64, 

67. 

„ wires, 308. 

Resonance, 67, 126. 

„ frequency indicator, 70. 

Reversal of polyphase induction motors, 290, 295. 

„ „ single-phase motor, 338. 

Reversing switch, 19. 

Rotary converter, 17, 278. 

„ synchronizer, 200. 

Rotating field, 285. 

„ „ Three-phase, 290. 

n „ Two* phase, 285. 

„ vector, 84. 

Rotor, 178. 

„ Squirrel-cage, 286, 299, 303. 

„ Wound, 304. 

Running and starting windings of a single-phase motor, 335. 


S. 

Salient poles, 199. 

Self-induction, 34, 

„ Coefficient of, 37. 
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Series motors, Single-phase, 351. 

Series-parallel starting of two-phase induction motorH, 319, 
Short-circuited rotor. (See Squirrel-cage rotor.) 

Sin or sine, 30. 

Sine curve or wave, 25. 

„ „ „ „ Plotting of, 28. 

,, law, 27 . 

„ of an angle, 31. 

Sines. Table of, 271. 

Single-phase commutator motors, 351. 

„ current, 147. 

„ induction motors. Control of, 339. 

„ „ „ Effect of overloading, 339. 

„ „ „ Principle of, 333. 

„ „ „ Reversal of, 338. 

„ „ „ Running and starling windings, 33 

„ „ „ Starting torque of, 341. 

„ „ „ Tumbler switch controls, 343. 

„ motor calculations, 361. 

„ repulsion -induction motors, 359. 

„ „ motors, 355. 

„ series motors, 351. 

Six-phase current, 148. 

Skin effect, 74. 

Slip and speed, 309. 

„ -ring motors, 309. 

„ „ „ and their windings, 324. 

„ „ short-circuiting and brush-lifting gear, 325, 330. 

„ torque, and load, 310, 349. 

Spark gaps, 217. 

Sparking fingers, 313. 

Spark wear, 220, 313, 353. 

Specialists and specialization, 4. 

S {teed- variation of induction motors, 346. 

Splitting the phase, 334. 

Squared paper, 101. 

Squirrel-cage motors, 323. 

„ „ rotor, 285, 299, 303, 323. 

Stalloy, 243. 

Star connection, 153, 158, 159. 

,, -delta starting of three-phase induction motors, 312. 

„ point, 153. 

„ versus mesh connection for alternators, 159. 

„ „ „ „ „ motors, 309. 

„ „ „ „ „ transformers, 248. 

Starter for singlo-phase slip-ring motor, 340. 

„ „ three-phase „ „ 305. 

„ liquid, 390. 

„ Star-delta, 313. 

Starters. Tumbler-switch, 311, 317, 343. 

Starting and running windings of a single- phase motor, 335. 

„ of squirrel-cage motors, 310. 

„ „ synchronous motors, 28). 

„ rheostat, 304. 
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Starting Series -parallel Of two-phase motor, 316. 

,, torque of an induction motor, 316, 341, 
Stator, 178. * 

Steam turbine, 196. 

„ „ Parsons’ original, 202. 

Switchboards, 14. 

Synchronizing of alternators, 204. 

Synchronous motor. (*See Motor, ) 

Synchroscope, 207. 


T. 

Tangent, 301. 

Tangents. Table of, 271. 

Three-phase circuit. Flow of current, in, 154. 

„ „ currents and e.m.f a. Their algebraic sum is zero, 152, 156, 

„ „ four- wire system, 160, 189. 

„ „ motor calculations, 365. 

„ „ or tri-phase current, 147, 161. 

„ „ rotating field, 290. 

Time base, 28. 

Torque, 303. 

„ slip, and load, 310, 349. 

„ Starting, 316, 314. 

Transformer, 220. 

„ Air blast, 253. 

„ Air-cooled, 253. 

„ Berry, 236, 249. 

„ Capacity, rating, or output of, 253. 

„ Construction of, 223. 

„ Cooling of, 253. 

„ Core and shell, 230. 

„ Core type. Large, 233. 

„ „ „ Small, 232. 

„ Current, 168, 209, 259. 

„ E.M.F. Equation of, 226. 

„ earth shields, 239. 

„ Efficiency of, 242, 245. 

Equivalent circuit of, 263. 

„ Faraday's original, 224. 

„ Humming of, 226. 

„ Ideal, 264. 

„ iron, 243. 

„ Lamination of cores, 226. 

„ Leakage flux in, 224. 

„ Losses in, 242, 245. 

„ No-load test, 243. 

„ Oil-cooled, 253, 

„ Potential, 168, 209. 

„ Primary and secondary coils of, 222, 

„ Principle of, 221. 

„ Ratio of transformation, 229 

„ Regulation of, 261-270. 
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Transformer, Relation between primary and secondary currents, 239. 

„ Shell-type, 236. 

„ Short-circuit test, 246. * 

„ Single versus 3-phase on a 3-phase system, 249. 

„ Star and mesh connection, 252. 

„ Step-up and step-down, 221, 228. 

„ tank, 251. 

„ tappings, 235, 249. 

„ Two-phase and three-phase, 248. 

„ Use of choking coil to limit primary voltage of, 218. 

„ Water-cooled, 253. 

,, Weights of primary and secondary windings are equal, 257. 
„ Winding in sections, 236. 

Transmission and conversion of power, 8, 11. 

Triangle connection, (See Delta connection.) 

Trigonometry, 1, 

Tumbler-switch controls for very small motors, 311, 317, 343. 
Turbo-altemators, 177, 193. 

Twelve-phase current, 148. 

Two- and three- watt meter method of measuring power, 170. 

Two-pha9e current, 147, 149. 

,, „ motor calculations, 363. 

„ „ rotating field, 285. 

,, „ system. Reasons it is seldom used, 150. 

„ three- and four-wire circuits, 149. 


U, 


Useful and useless components of a current, 139. 


V, 


Y.\ — volt -amperes. 

Vector diagrams. (Frontispiece) and 81, 85, etc. 

„ „ Construction of, 97, 101. 

Vertical motor, 323. 

Virtual current, impressed volts, inductance, reactanoe, and impedanoe, 
96. 

„ volts and amperes, 77. 

Volt-amperes, 128, 145. 

Voltages in use, 14-16. 


W 


Water power and its uses, 13. 

Wattless component of a current, 139. 

„ current, 129. 

Wattmeters, 162-172 
Wave winding, 333 
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Waves of e.m.f. and current, 33, 82. 

Wind power, 13. 

Windings. Representation of sections in diagrams, 232. 
Wires in metal conduits, 43. 

Wireless telegraph signals, 58, 69. 

Work done in a.-c. circuits, 134. 

Wound rotor, 304. 


WORKED NUMERICAL EXAMPLES. 

Alternator. Output, 196. 

„ Regulation, 211. 

„ Poles, speed, and frequency, S4, 181, 199, 203. 

E.M.F. of capacity circuit, 105. 

Form factor, 80 

Impedance, e.m.f., p.f.. and phase difference of a circuit with inductance, 
capacity, and resistance in parallel, 118, 119. 

„ „ „ „ in series, 109, 110. 

Inductance for a choking coil, 102. 

„ of a coil, 94. 

Motor. Determination of slip, 310. 

„ „ „ losses and slip, 401. 

„ Drawing of circle diagram, and determination of characteristics 
375. 

„ Single-phase. Various calculations, 361. 

„ Two-phase. „ „ 363. 

„ Three-phase. „ „ 365. 

„ „ „ Input of, 146. 

„ True power consumed by, 145. 

„ With resistance in rotor circuit. Speed fluctuates with load 
348. 

Power factor, 141. 

Power. (True) in a series circuit, 143. 

Transformer. Losses and efficiency, 244, 245. 

„ Regulation, 268, 269. 

„ Single-phase wrstw three-phase. Choice and cost, 250 

251. 

„ Turns for secondary, 228. 

Vector diagrams, 101. 


The figures refer to the pages. 

(Not*. — Lists of Sections, Illustrations, and Formulae are given 
at the front of the Book. ) 



APPENDIX A. 

CONCERNING LAG, ETC. 

To show that the Current in a Circuit with 
Inductance only, and therefore with Reactance 
only, would lag 90° behind the Applied 
Voltage. 

Consideration of Circuits with both Inductance and 
Resistance. 

On page 62 it was stated that if a circuit could consist, 
of inductance only, an alternating current therein would 
lag 90° behind the applied voltage. This statement 
was based upon the results obtained by mechanical 
means (Figs. 45, 46, and 48), and consequently may 
not be convincing to some students. 

In this Appeudix, the truth of the statement is 
proved by considering what actually occurs in such a 
circuit when an alternating current is passed through 
it. A circuit with inductance only is, of course, quite 
an imaginary thing ; for however thick we make the 
conductor, the latter cannot be entirely devoid of 
resistance ; and there is bound to be some capacity also 
in the circuit. But it is useful to consider this 
hypothetical purely inductive circuit in order to demon- 
strate that we should then get the maximum lag of 
90°. . It is shown on p. 99 that as the resistance in 
the circuit increases, the lag diminishes. Capacity 
also helps to reduce the lag; but as the capacity of 
ordinary circuits is very small indeed, it will simplify 
matters if we ignore it. 

414 
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• 

Suppose we wind a large number of turns of very 
thick wire or cable on a laminated iron core, as in 
Fjg. 259. This arrangement would certainly have 
very high inductance and a negligible resistance. 
Coil G then represents our imaginary circuit with 
inductance only, A and B being its two ends. Call 
the current positive when it is flowing from A through 
C to B, as indicated by the arrow marked + ; and 
negative when it is flowing from B through G to A, 
as shown by the arrow marked - . The terms positive 


c 



and negative are only used to distinguish one direction 
of the current from the other. The names right-hand 
and left-hand currents might almost equally well be 
used, but they would not be quite so definite. Let E a 
stand for the alternating voltage to be applied to the 
ends A and B to produce a current I through the roil. 
It will now be shown that in such a circuit, I lags 90’ 
behind E a . 

Suppose the curve I in Fig. 260 represents the 
variation of current flowing through the coil G. During 
the time oa, this current is increasing from zero to 
a maximum in the positive direction (A to B in 
Fig 259). Now in § 9, it was explained that 
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when the current in a circuit is varied (i.e., started 
varied in strength, or stopped), an e.m.f. is induced in 



such a direction as to 
M try and prevent the 
•g variation ; and also 
*5 that ’ the magnitude 
£ of this induced e.m.f. 
►> depends upon the in- 
,5 ductance of the cir- 

LC 

| cuit and upon the 
b rate at which the 
g current vanes. It 

• consequently follows 
that during the time 

^1. oa (Fig. 260), an 
Ss e.m.f. is induced in 
H 2 coil C acting from B 
"g — towards A , i.e., in the 
^ jj negative direction. 

This is indicated at 
<E the beginning of the 
dotted curve 2?,. The 
S ’ -1 rate of change iu the 
jg value of the current 

s / is greatest when 
o , ° . 

*3 the current is passing 

S through zero, and is 
£ zero when the current 
l a is at its maximum, 
g This will be quite evi- 

* dent if we consider 
the interval of time t 
from a zero (Fig. 2 60), 


during which the change is X ; and another and equal 


interval ij.just before a maximum, during which the 
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change is only y. Hence the induced e.m.f. E t is at its 
maximum in a negative direction at 0 (Fig. 260), and 
decreases to zero at a. 

Between a and b, the current I is still flowing in 
the positive direction, but it is now decreasing in value, 
so that the direction of the induced e.m.f. is now positive 
also, as it has to oppose the decrease of the current ; 
and this induced attains its maximum value at 6, 
when the current is zero. 

During the interval 6c, the current is increasing in 
the negative direction, i.e., from B to A in Fig. 259; 
so that the induced e.m.f. is still positive in order to 
oppose this growth of the current. Finally, between c 
and d, tlie current is decreasing to zero, and consequently 
the induced e.m.f. is now in the same direction as the 
current, and reaches its maximum negative value at d . 

This cycle of chauges is repeated as long as the 
alternating voltage is applied to the coil C. 

From an inspection of Fig. 260, it will be obvious 
that the induced e.m.f. of reactance (§ 28 a) has its maxi- 
mum positive aud uegative values 90° (ora quarter of a 
cycle) after the corresponding values of the current; 
in other words, the induced e.m.f. lags 90* behind the 
current. 

The foregoing observations may be tabulated iis 
follows ; — 

Current (l). Time. Induced E M. F. 

<i.} Increasing + al. diminishing rate. c to a Decreasing -at increasing rate. 

(ii.) Decreasing -f at increasing rate. a to b Increasing -fat diminishing rate, 

(iil.) Increasing -at diminishing rate. b to c Decreasing+at increasing rate, 

(iv.) Decreasing -at increasing rate. c to d ,r, creasing -at diminishing rate. 

The above Table bears out at (i.) and (iii.) the fact 
that in electromagnetic induction an increasing current 
is opposed by an induced e.in.f. in the opposite direction; 
and at (ii.) and (iv.) the kindred fact that a decreasing 
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current is opposed by an induced e.m.f. in the same 
direction (see p. 36). It will also be noted that a 
diminishing rate of change of current is always opposed 
by an increasing rate of change of induced e.m.f., and 
vice versa. Further, anv variation in I is followed by 
an exactly similar variation in E i during the succeeding 
quarter of a cycle : thus, changes in I that occur during, 
say, (i.) are followed by the same changes in £*< during 
(ii.), etc. This simply confirms the statement already 
made, namely, that the induced e.m.f. lags 90“ behind 
the current. 

Let us now consider the applied voltage E a (Fig. 260) 
which gives rise to the current and the induced e.m.f. 
Now, in a circuit which is assumed to possess inductance 
only, this applied voltage must at every instant be equal 
and opposite to the induced voltage (p. 86). This is 
bound to be so ; for if E a exceeded E it the surplus applied 
voltage would immediately send a larger current through 
coil C (Fig. 259), and so bring up the value of E i (which 
depends upon the current) to that of E a . Hence the 
applied voltage cau be represented by a curve E a (Fig. 
260) which is exactly the reverse of curve 

On comparing curves 1 and E a1 it will be evident that 
the maximum positive and the maximum negative values 
of E a occur 90° before the corresponding values of I, 
i.e., the current in a circuit with inductance only, 
lags 90° behind the applied voltage ; which is what we 
set out to prove in this Appendix. 

The facts that the current lags 90° behind the applied 
voltage while the equal and opposite induced voltage 
lags 90“ behind the current are easy to reconcile. 
Starting with E iy say at a (Fig, 260), 90° behind / 
at o \ we next find E a at c, 180° behind E; at a, and 
270° behind I at o, or 90° in advance of it at d. That 
is to say, / is 90“ behind E a . 
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Appendix A 

If, by reason of the fact that the induced voltage 
is at any instant equal and opposite to the applied 
voltage, the reader is unable to understand why there 
should be any current at all, he should refer to § 38. 

Though this explanation has been given for the 
imaginary case of a circuit possessing inductance only, 
it is of great assistance in the consideration of one 
having both inductance and resistance, such as that 
dealt with in § 29 and below. 


Application or Corves to the Consideration op a Circuit 

POSSESSING BOTH RESISTANCE AND INDUCTANCE. 

Let R and L be respectively the resistance in ohms 
and the inductance in henries of the kind of circuit 
to be investigated. For present purposes, it is con* 

/ '\ /' E-t N 

I 


Fig. 261.— Circuit with Inductance and Resistance in Series. 

venient to consider one haviug a resistance R (possess- 
ing negligible inductance) connected in series with an 
inductance L (possessing negligible resistance) as 
indicated in Fig. 261. 

Let E r be the voltage that would have to be applied 
across R to produce a current / through it alone, and 
let E l be the voltage necessary across L to set up the 
same current through it aloue. E is the actual voltage 
across the circuit, which sets up the current / through 
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both i£ and X, and which is the resultant of E R and 
E l> as will now be explained. 

Curve 1 in Fig. 262 represents the current through 
the circuit. Now the current through a non-inductive 
resistance is at every instant proportional to the voltage 
producing it. That is to say, curve E R> representing the 
voltage necessary if the circuit consisted of R alone, 
would (as shown) have its zero and maximum values at the 
same instants as the corresponding values of I. On the 
other hand, curve E L> representing the voltage necessary 



if the circuit consisted of t only, would (as shown) lead 
90° in front of the current. This fact has just been 
proved in the foregoing matter. By adding together 
the corresponding values of E R and E L at different 
instants, we obtain curve E, which therefore represents 
the actual voltage necessary to send the current I 
through the combined circuit. It should now be noted 
that the phase angle between 1 and E is less than 90°. 

For a given current and frequency, the values of 
E r and E l are directly proportional to the resistance 
and the inductance respectively of the circuit (see 
§ 29). 


Appendix A 
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Further Considerations. 

By sketching curves similar to those in Fig. 262, 
but with different amplitudes for E R and E L (represent- 
ing different values for the resistance and inductance 
respectively), it can be demonstrated very easily that the 
larger the resistance and the smaller the inductance, 
the less is the amount by which the current 1 lags 
behind the applied voltage. 

Thus in Fig. 260, we have the imaginary case of a 
circuit with inductance only, and consequently re- 
actance only, and the lag is 90°. Figs. 262 and 263 
represent circuits with both resistance and inductance, 
such as are met with in practice. In Fig. 262, the 
reactance due to the inductance (and to the frequency) is 
assumed to be greater than the resistance ; and the lag 
is about 58°. In Fig, 263, the resistance preponderates, 
and the lag is only about 27°. 

It is only by assuming a fixed frequency (since the 
reactauce depends upon the frequency as well as upon 
the inductance) and a fixed curre-ni that we can com- 
pare (as regards the relative effects of inductance and 
resistance) sets of curves like those in Figs. 262 and 
263 ; for if in either case we alter the frequency, the 
lag will be affected ; and if we alter the current, the 
amplitudes of all the curves are changed. If we assume 
this fixed frequency and fixed current, instead of curves, 
we could draw graphical diagrams similar to that in 
Fig. 73, hut relating to resistance and reactance only. 

Thus if, in such diagrams, OA were made equal to the 
resistance and OB to the reactance for different quan- 
tities of resistance and inductance, the diagonal would 
always be proportional to the impressed e.m.f. Decessary 
for the fixed current ; and the angle <f> would only change 
when either the resistance or the reactance was changed. 
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Fig. 73 represents the relationship between the re- 
sistance, the reactance, and the impedance of a circuit 
(like Fig, 261) that is to be operated at a given fre- 
quency, but is not necessarily closed for the current 
to flow. Here we find that the resultant of the react? 
ance and the resistance is impedance, which Hike 
reactance) is expressible in ohms, and which, represents 
the effective opposition of the circuit to the flow of an 
alternating current at the given frequency. 



Fi<r 263.— Curves similar to those in Fig. 262, but relating to 
a Circuit with less Lag, 


It will be obvious here that with a fixed inductance 
and resistance, the angle of lag will .change if the fre- 
quency he changed. But if we keep both the induct- 
ance and the frequency (as well as the resistance) con- 
stant, the values of the applied or impressed voltage and 
of the resulting current do not affect the lag. This 
should be clear from Fig. 72, where it will be seen that 
the current (I) is a factor of all three quantities. 

The whole matter is summed-up in Formulae 13 and 
13 a, p. 98 , which give in symbols and in words what 
may be termed the “ Ohm’s Law ” for the alternating- 
current circuit. 


APPENDIX B. 


REACTANCE DUE TO CAPACITY. 

(Derivation of Formulae 16 and 17, pp. 104 aud 105.) 

The unit of capacity is called the farad. A con- 
denser has a capacity of one farad when it requires a 
charge of one coulomb to raise the p,d. across its ter- 
minals from zero to 1 volt. A condenser having this 
capacity, however, is much too large for practical work ; 
in fact, a very usual size for use in testing has a capacity 
of 1 microfarad only, i.e one-millionth part of a farad. 

1 microfarad - 1 m.f.d. = 000001 farad. 

From the above definition of a farad, it follows that 
the quautity of electricity required to raise the p.d. 
across the terminals of a condenser of K farads from 
zero to V volts, is KV coulombs. 

Now consider the quarter-cycle during which an 
alternating voltage raises the p.d. across a condenser of 
K farads from zero to the maximum voltage (E niax ). 
The quantity of electricity requited for this is clearly 
KE max coulombs. 

The number of coulombs is also given by the product 
of the average current and the time (in seconds) during 
which the condenser is being charged. In the present 
case, it is charged in a quarter of a cycle ; and if the 
frequency be / cycles per second, the duration of this 

quarter-cycle is ~ second. Also, the average or mean 

current is the virtual value divided by I'll (see p. 79). 
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Hence: — * 


Number of coulombs to 
charge condeuser 


j- — Average 


;e current x 


V 


Virtual current 
FTix 4 f 


i 


coulombs. 


4-44/ 

On p. 78, it is stated (in other words) that 
E (virtual) 


= - 


•707 


KE^ - 


Equating the previous two expressions for the charge, 
we have : — 

I 

4-44/ 

E (virtual) I 
— -707 ’ = 4 : 44 fK 

E (virtual) or E = - 

' 2 ttJK 

since E always means the virtual value unless otherwise 

stated, and since L. 

4'44 2 7r 

From the above it follows that the reactance due to 

capacity is ^ - ohms. 

F J 2tt/K 



APPENDIX C. 


RELATIONSHIP BETWEEN LINE 
AND PHASE VOLTAGES IN A 
STAR-CONNECTED SYSTEM. 

(Proof of Formula 34, p. 158.) 


Let oa , ob, and oc (Fig. 264) be three vectors, spaced 
120* apart, and representing the phase voltages of 
a, b, and c in Fig. 101. Call the voltage positive when 
it is acting from the neutral 
point p outwards towards a 
line conductor, and call it 
negative when it is acting 
towards p. 

The total voltage acting, 
say, from B to A in Fig. 101 
is the vectorial sum or resul- 
tant of the voltages acting 
from B to p and from p to 
A. Oa (Fig. 264) repre- 
sents a voltage whose positive 
direction is from p to A ; but 
ob indicates a voltage whose 

positive direction is from p to B ; so that to represent 
the positive direction from B top, we draw ob , equal and 
opposite to ob. Hence the voltage between B and .4 in 
Fig. 101 is the resultant of oa and ob v and is given by 



Kig. 264. — Vector Diagram for 
Voltages in a Star -Connected 
System. 



428 Alternating-Current Work 

the diagonal od of the parallelogram oadb v Join ah x ; 
then aJ x bisects od at t. Also angle ao& x is 60° (i.e u 
half of aoc ), and angle aoe is 30*. Hence : — 

od— 2 oe — 2 oa cos aoe (See footnote, p. 100,) 
= 2 oa cos 30° 

= 2 oa X ‘866 (See Table, p. 271.) 

= 1*73 oa 

i.«., Line voltage = 1*73 x phase voltage. 






